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VOLTAGE REGULATOR CIRCUIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 12/909,629, filed Oct. 21, 2010, now allowed, which
claims the benefit of a foreign priority applications filed in
Japan as Serial No. 2009-250396 on Oct. 30, 2009, and Serial
No. 2010-012618 on Jan. 22, 2010, all of which are incorpo-
rated by reference.

TECHNICAL FIELD

Anembodiment of the present invention relates to a voltage
regulator circuit including a transistor including an oxide
semiconductor.

BACKGROUND ART

A technique for forming a thin film transistor (TFT) by
using a thin semiconductor film formed over a substrate hav-
ing an insulating surface has attracted attention. A thin film
transistor is used for a display device typified by a liquid
crystal television. A silicon-based semiconductor material is
known as a material for a thin semiconductor film which can
be applied to a thin film transistor. Other than a silicon-based
semiconductor material, an oxide semiconductor has
attracted attention.

As a material for the oxide semiconductor, zinc oxide and
a material containing zinc oxide as its component are known.
Further, a thin film transistor formed using an amorphous
oxide (oxide semiconductor) having an electron carrier con-
centration of less than 10'® /cm? is disclosed (Patent Docu-
ments 1 to 3).

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2006-165527

[Patent Document 2] Japanese Published Patent Application
No. 2006-165528

[Patent Document 3] Japanese Published Patent Application
No. 2006-165529

DISCLOSURE OF INVENTION

However, a difference from the stoichiometric composi-
tion in the oxide semiconductor arises in a thin film formation
process. For example, electrical conductivity of the oxide
semiconductor changes due to the excess or deficiency of
oxygen. Further, hydrogen that enters the thin oxide semicon-
ductor film during the formation of the thin oxide semicon-
ductor film forms an oxygen (O)-hydrogen (H) bond and
serves as an electron donor, which is a factor of changing
electrical conductivity. Furthermore, since the O—H bond is
a polar molecule, it serves as a factor of varying the charac-
teristics of an active device such as a thin film transistor
manufactured using an oxide semiconductor.

Even when having an electron carrier concentration ofless
than 10*® /cm?, an oxide semiconductor is a substantially
n-type oxide semiconductor. Therefore, the on-off ratio of the
thin film transistors disclosed in Patent Documents 1 to 3 is
only about 10°. Such a low on-off ratio of the thin film
transistor is due to large off-state current.
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In addition, when a voltage regulator circuit such as a
step-up circuit is formed with the use of a transistor whose
off-state current is large, leakage current flows through the
transistor even when the transistor is off; thus, conversion
efficiency to obtain a desired voltage could be lowered, for
example.

Inview of the above, it is an object of an embodiment ofthe
present invention to provide a thin film transistor whose elec-
tric characteristics are stable (for example, a thin film tran-
sistor whose off-state current is significantly reduced). In
addition, it is another object to improve conversion efficiency
to obtain a desired voltage in a voltage regulator circuit.

According to an embodiment of the present invention, a
voltage regulator circuit such as a step-up circuit or a step-
down circuit is formed with the use of a transistor including
an oxide semiconductor in a channel formation layer. The
oxide semiconductor used in this embodiment has a lager
energy gap than a silicon semiconductor and is an intrinsic or
a substantially intrinsic semiconductor that is highly purified
through removal of an impurity serving as an electron donor.
With this structure, in the transistor, leakage current in an off
state (off-state current) can be reduced. Further, with the
reduction in off-state current of the transistor, conversion
efficiency to obtain a desired voltage can be improved.

The concentration of hydrogen contained in the oxide
semiconductor is less than or equal to 5x10'° /em?, prefer-
ably, less than or equal to 5x10'® /cm®, more preferably, less
than or equal to 5x10'7 /cm®. In addition, hydrogen or an OH
group contained in the oxide semiconductor is removed. Fur-
ther, the carrier concentration is less than or equal to 5x10**
/em?®, preferably, less than or equal to 5x10'2 /em®.

The energy gap of the oxide semiconductor is set to greater
than or equal to 2 eV, preferably, greater than or equal to 2.5
eV, more preferably, greater than or equal to 3 eV. Further,
impurities (e.g., hydrogen) which form donors is reduce as
much as possible, and the carrier concentration is set to less
than or equal to 1x10'* /cm?, preferably, less than or equal to
1x10'2 /em?.

In atransistor including the above oxide semiconductor, an
off-state current for a channel width of 1 um canbe very small
compared to a conventional transistor including silicon; for
example, the off-state current can be less than or equal to 10
aA/um (1x107'7 A/um), preferably, less than or equal to 1
aA/um (1x107'® A/um), more preferably, less than or equal to
10 zA/um (1x1072° A/um), still more preferably, less than or
equal to 1 zA/um (1x1072' A/um). Further, even when the
temperature of the transistor is 85° C., the off-state current for
a channel width of 1 pm can be very small compared to a
conventional transistor including silicon; for example, the
off-state current can be less than or equal to 100 zA/um
(1x107'° A/um), preferably, less than or equal to 10 zA/um
(1x1072° A/um).

With the use of a transistor including an oxide semicon-
ductor layer which is highly purified by sufficiently reducing
the hydrogen concentration in such a manner, a voltage regu-
lator circuit can be achieved in which power consumption due
to leakage current is low compared to the case where a con-
ventional transistor including silicon is used.

An embodiment of the present invention is a voltage regu-
lator circuit including a transistor and a capacitor. The tran-
sistor includes a gate, a source, and a drain, a first signal is
inputted to one of the source and the drain, a second signal
which is a clock signal is inputted to the gate, an oxide
semiconductor layer is used for a channel formation layer,
and an off-state current is less than or equal to 10 aA/um. The
capacitor includes a first electrode and a second electrode, the
first electrode is electrically connected to the other of the
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source and the drain of the transistor, and a high power source
voltage and a low power source voltage are alternately
applied to the second electrode. A voltage of the first signal is
stepped up or down to obtain a third signal, and the third
signal which has a voltage obtained by stepping up or down
the voltage of the first signal is outputted as an output signal
through the other of the source and the drain of the transistor.

Another embodiment of the present invention is a voltage
regulator circuit including n-step (n is a natural number of any
one of 2 or more) unit step-up circuits, which are electrically
connected in series to each other, and an output circuit for
outputting a voltage which is stepped up by the n-step unit
step-up circuits as an output signal. The n-step unit step-up
circuits each include a first transistor including a gate, a
source, and a drain, in which a first signal is inputted to one of
the source and the drain; a first capacitor including a first
electrode and a second electrode, in which the first electrode
is electrically connected to the other of the source and the
drain of the first transistor; a second transistor including a
gate, a source, and a drain, in which the other of the source and
the drain is electrically connected to the second electrode of
the first capacitor; and a third transistor including a gate, a
source, and a drain, in which one of the source and the drain
is electrically connected to the second electrode of the first
capacitor. The output circuit includes a fourth transistor
including a gate, a source, and a drain, in which one of the
source and the drain is electrically connected to the other of
the source and the drain of the first transistor in the n-th step
unit step-up circuit; and a second capacitor including a first
electrode and a second electrode, in which the first electrode
is electrically connected to the other of the source and the
drain of the fourth transistor. Each of the first transistor to the
fourth transistor is provided with an oxide semiconductor
layer as a channel formation layer, where an off-state current
is less than or equal to 10 aA/um. The voltage regulator circuit
further includes a first clock signal line for inputting a clock
signal which is electrically connected to the gate of the first
transistor and the gate of the third transistor in a (2K-1)-th
step (K is 1 to n/2, and K is a natural number) unit step-up
circuit and the gate of the second transistor in a 2K -th step unit
step-up circuit; and a second clock signal line for inputting an
inverted clock signal of the clock signal which is electrically
connected to the gate of the third transistor in the (2K-1)-th
step unit step-up circuit and the gate of the first transistor and
the gate of the third transistor in the 2K-th step unit step-up
circuit.

Another embodiment of the present invention is a voltage
regulator circuit including n-step (n is a natural number of any
one of 2 or more) unit step-down circuits, which are electri-
cally connected in series to each other, and an output circuit
for outputting a voltage which is stepped down by the n-step
unit step-down circuits as an output signal. The n-step unit
step-down circuits each include a first transistor including a
gate, a source, and a drain, in which a first signal is inputted to
one of the source and the drain; a first capacitor including a
first electrode and a second electrode, in which the first elec-
trode is electrically connected to the other of the source and
the drain of the first transistor; a second transistor including a
gate, a source, and a drain, in which the other of the source and
the drain is electrically connected to the second electrode of
the first capacitor; and a third transistor including a gate, a
source, and a drain, in which one of the source and the drain
is electrically connected to the second electrode of the first
capacitor. The output circuit includes a fourth transistor
including a gate, a source, and a drain, in which one of the
source and the drain is electrically connected to the other of
the source and the drain of the first transistor in the n-th step
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unit step-down circuit; and a second capacitor including a first
electrode and a second electrode, in which the first electrode
is electrically connected to the other of the source and the
drain of the fourth transistor. Each of the first transistor to the
fourth transistor is provided with an oxide semiconductor
layer as a channel formation layer, where an off-state current
is less than or equal to 10 aA/um. The voltage regulator circuit
further includes a first clock signal line for inputting a clock
signal which is electrically connected to the gate of the first
transistor and the gate of the second transistor in a (2K-1)-th
step (K is 1 to n/2, and K is a natural number) unit step-down
circuit and the gate of the second transistor in a 2K -th step unit
step-down circuit; and a second clock signal line for inputting
an inverted clock signal of the clock signal which is electri-
cally connected to the gate of the third transistor in the (2K~
1)-th step unit step-down circuit and the gate of the first
transistor and the gate of the third transistor in the 2K-th step
unit step-down circuit.

In accordance with an embodiment of the present inven-
tion, leakage current of a transistor can be reduced, and an
unnecessary drop or rise in voltage of an output signal can be
reduced, whereby conversion efficiency to obtain a desired
voltage can be improved.

BRIEF DESCRIPTION OF DRAWINGS

In the accompanying drawings:

FIG. 1 is a circuit diagram illustrating an example of a
configuration of a voltage regulator circuit.

FIG. 2 is a timing chart for explaining an example of an
operation of a voltage regulator circuit illustrated in FIG. 1.

FIG. 3 is a circuit diagram illustrating an example of a
configuration of a voltage regulator circuit.

FIG. 4 is a circuit diagram illustrating an example of a
configuration of a voltage regulator circuit.

FIGS. 5A and 5B are a top view and a cross-sectional view
illustrating a transistor.

FIGS. 6A to 6E are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 7A and 7B are a top view and a cross-sectional view
illustrating a transistor.

FIGS. 8A to 8E are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 9A and 9B are cross-sectional views each illustrat-
ing a transistor.

FIGS. 10A to 10E are cross-sectional views illustrating a
method for manufacturing a transistor.

FIG. 11 is a longitudinal cross-sectional view of an
inverted staggered thin film transistor including an oxide
semiconductor.

FIGS. 12A and 12B are each an energy band diagram
(schematic diagram) of a cross section along A-A' in FIG. 11.

FIG. 13A is an energy band diagram illustrating a state in
which positive potential (+VG) is applied to a gate electrode
1001, and FIG. 13B is an energy band diagram illustrating a
state in which negative potential (-VG) is applied to a gate
electrode 1001.

FIG. 14 is an energy band diagram illustrating relation-
ships between a vacuum level and a work function of a metal
(¢,,) and between the vacuum level and electron affinity () of
an oxide semiconductor.

FIG. 15 is a circuit diagram for evaluating the characteris-
tics of a transistor including an oxide semiconductor.

FIG. 16 is a timing chart for evaluating the characteristics
of a transistor including an oxide semiconductor.

FIG. 17 is a graph showing the characteristics of a transis-
tor including an oxide semiconductor.
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FIG. 18 is a graph showing the characteristics of a transis-
tor including an oxide semiconductor.

FIG. 19 is a graph showing the characteristics of a transis-
tor including an oxide semiconductor.

FIGS. 20A to 20E are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 21A to 21D are cross-sectional views illustrating a
method for manufacturing a transistor.

FIGS. 22A to 22D are cross-sectional views illustrating a
method for manufacturing a transistor.

FIG. 23 is a cross-sectional view illustrating a transistor.

FIGS. 24A and 24B are a top view and a cross-sectional
view illustrating a transistor and a capacitor;

FIGS. 25A and 25B are external views each illustrating an
electronic device.

FIG. 26 is a layout of a voltage regulator circuit.

FIG. 27 is an enlarged view of the layout of a voltage
regulator circuit.

FIGS. 28A and 28B show a waveform of an input signal
and a waveform of an output signal of the voltage regulator
circuit, respectively.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments of the present invention will be described
below with reference to accompanying drawings. Note that
the invention is not limited to the following description, and it
will be easily understood by those skilled in the art that
various changes and modifications can be made without
departing from the spirit and scope of the present invention.
Thus, the present invention should not be interpreted as being
limited to the following description of the embodiments.

Embodiment 1

In this embodiment, a voltage regulator circuit which is an
embodiment of the present invention will be described.

An example of a configuration of a voltage regulator circuit
described in this embodiment has a function of inputting a
signal S1 and a signal S2 as input signals, stepping up or
stepping down the voltage of the inputted signal S1, and
thereby outputting as an output signal a signal S3 which has a
voltage obtained by stepping up or stepping down the voltage
of the signal S1. An example of the configuration of the
voltage regulator circuit in this embodiment is further
described with reference to FIG. 1. FIG. 1 is a circuit diagram
illustrating an example of the configuration of the voltage
regulator circuit of this embodiment.

The voltage regulator circuit illustrated in FIG. 1 includes
a transistor 101 and a capacitor 102.

In this specification, for example, a field-effect transistor
can be used as the transistor.

In this specification, a field-effect transistor has at least a
gate, a source, and a drain. As the field-effect transistor, a thin
film transistor (also referred to as a TFT) can be used, for
example. Moreover, the field-effect transistor can have a top-
gate structure or a bottom-gate structure, for example.

The source is the entire source electrode and source wiring
or part thereof. A conductive layer having a function of both
a source electrode and a source wiring is referred to as a
source in some cases without distinction between a source
electrode and a source wiring.

The drain is the entire drain electrode and drain wiring or
part thereof. A conductive layer having a function of both a
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drain electrode and a drain wiring is referred to as a drain in
some cases without distinction between a drain electrode and
a drain wiring.

The gate is the entire gate electrode and gate wiring or part
thereof. A conductive layer having a function of both a gate
electrode and a gate wiring is referred to as a gate in some
cases without distinction between a gate electrode and a gate
wiring.

Further, in this specification, a source and a drain of a
transistor may interchange depending on the structure, the
operating condition, or the like of the transistor; therefore, it
is difficult to define which is a source or a drain. Therefore, in
this document (the specification, the claims, the drawings, or
the like), one of them is referred to as one ofthe source and the
drain, and the other is referred to as the other of the source and
the drain.

In addition, the field-effect transistor in this specification is
a transistor which includes an oxide semiconductor layer
having a function as a channel formation layer. Note that the
hydrogen concentration in the channel formation layer is less
than or equal to 5x10'° atoms/cm?, preferably, less than or
equal to 5x10'® atoms/cm®, more preferably, less than or
equal to 5x10'7 atoms/cm®. The hydrogen concentration is
measured using secondary ion mass spectrometry (SIMS),
for example. The carrier concentration of the transistor is less
than or equal to 1x10™* /cm?, preferably, less than or equal to
1x10'2 /em?.

In this specification, as the capacitor, a capacitor which
includes a first electrode, a second electrode, and a dielectric
can be used, for example.

The signal S1 is inputted to one of a source and a drain of
the transistor 101. The signal S2 is inputted to a gate of the
transistor 101. The voltage of the other of the source and the
drain of the transistor 101 is equal to the voltage of the signal
S3. The voltage regulator circuit illustrated in FIG. 1 outputs
the signal S3 through the other of the source and the drain of
the transistor 101.

Note that in general, a voltage refers to a difference
between potentials of two points (also referred to as a poten-
tial difference). However, both the level of voltage and the
value of a potential are represented by volts (V) in a circuit
diagram or the like in some cases; therefore, it is difficult to
distinguish them. Therefore, in this specification, a potential
difference between a potential at one point and a reference
potential is sometimes used as a voltage at the point unless
otherwise specified.

Note that as a signal in this specification, an analog signal
or a digital signal which uses voltage or the like can be used,
for example. Specifically, as a signal with voltage (also
referred to as a voltage signal), it is preferable to use a signal
having at least a first voltage state and a second voltage state.
A digital signal which has a High-level voltage state as the
first voltage state and a Low-level voltage state as the second
voltage state can be used, for example. Note that a High-level
voltage is also referred to as a voltage V, or simply as V  and
a Low-level voltage is also referred to as a voltage V; or
simply as V. In addition, the voltage in the first voltage state
and the voltage in the second voltage state have variation in
some cases, which depends on signals. Moreover, since there
is an influence of noise or the like, the voltage in the first
voltage state and the voltage in the second voltage state do not
necessarily have a fixed level and may have a level within a
predetermined range.

A first electrode of the capacitor 102 is electrically con-
nected to the other of the source and the drain of the transistor
101, and a high power source voltage (also referred to as a
voltage VDD or simply as VDD) or a low power source
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voltage (also referred to as a voltage VSS or simply as VSS)
is applied to a second electrode of the capacitor 102. Note that
a connection portion of the first electrode of the capacitor 102
and the other of the source and the drain of the transistor 101
is also referred to as a node N111.

The signal S1 serves as a first input signal (also referred to
as a signal IN ) of the voltage regulator circuit.

The signal S2 serves as a second input signal (also referred
to as a signal IN,~,) of the voltage regulator circuit. A clock
signal can be used as the signal S2, for example. The clock
signal is a signal in which the first voltage state and the second
voltage state are periodically repeated. Levels of the first
voltage state and the second voltage state of the clock signal
can be set as appropriate.

The signal S3 serves as an output signal (also referred to as
a signal OUT,.) of the voltage regulator circuit.

Next, an example of an operation (also referred to as a
driving method) of the voltage regulator circuit illustrated in
FIG. 1 is described with reference to F1G. 2. FIG. 2 is a timing
chart for explaining an example of the operation of the voltage
regulator circuit illustrated in FIG. 1, and illustrates the wave-
forms of the voltages of the signal S1, the signal S2, the signal
S3, and a voltage (also referred to as a voltage VC) of the
second electrode of the capacitor 102. In the example of the
operation of the voltage regulator circuit illustrated in FIG. 1,
which is described with reference to FIG. 2, the signal S1is a
binary digital signal having High level and Low level, the
transistor 101 is an n-channel transistor, and the signal S2 is a
clock signal in which High level and Low level are periodi-
cally repeated.

The operation of the voltage regulator circuit illustrated in
FIG. 1 can be described by being divided into a plurality of
periods. The operation in each period is described below.

In a period 151, at a time A1, the signal S1 is set to High
level, the signal S2 is set to High level, a low power source
voltage is applied to the second electrode of the capacitor 102,
and thus the voltage VC of the second electrode of the capaci-
tor 102 becomes V.

At this time, the source and the drain of the transistor 101
are placed in a conduction state (also referred to an on state),
so that the voltage at the node N111 begins to increase. The
voltage at the node N111 is increased to V1. V1 is V. At this
time, a voltage V1-V, is applied between the first electrode
and the second electrode of the capacitor 102, and the voltage
of the signal S3 becomes V1.

Next, in a period 152, at a time A2, the signal S1 is kept at
High level, the signal S2 is set to Low level, and a high power
source voltage is applied to the second electrode of the
capacitor 102.

At this time, the transistor 101 is in a non-conduction state
(also referred to as an off state). Since the voltage (voltage
VC) applied to the second electrode of the capacitor 102 is
changed from the voltage V, to the voltage V,, also the
voltage of the first electrode of the capacitor 102 begins to
change, in accordance with the voltage of the second elec-
trode of the capacitor 102. The voltage at the node N111 is
increased to a level which is higher than the voltage V1, that
is, V2. The voltage V2 is 2V ;. At this time, a voltage V2-V,
is applied between the first electrode and the second electrode
of'the capacitor 102, and the voltage of the signal S3 is V2. In
this manner, in the period 152, the voltage of the signal S3
which is an output signal of the voltage regulator circuit
corresponds to a level obtained by stepping up the voltage of
the signal S1 that is inputted to the voltage regulator circuit.

As described above, in the voltage regulator circuit accord-
ing to this embodiment, a voltage signal which is inputted is
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changed and a signal with a voltage that is higher or lower
than that of the inputted voltage signal can be outputted.

Inaddition, in the voltage regulator circuit according to this
embodiment, the transistor includes an oxide semiconductor
layer serving as a channel formation layer. In the channel
formation layer, the hydrogen concentration is less than or
equal to 5x10*° atoms/cm?, preferably, less than or equal to
5x10*® atoms/cm>, more preferably, less than or equal to
5x10'7 atoms/cm?®, and the carrier concentration is less than
or equal to 1x10™* /em?>, preferably, less than or equal to
1x10'? /em?. With the use of the transistor, breakdown volt-
age of the voltage regulator circuit can be improved. Since
leakage current is small in the transistor including the above
oxide semiconductor layer, leakage of electric charge stored
in a capacitor can be reduced compared to a conventional
transistor; thus, power consumption can be reduced, an
unnecessary drop or rise in voltage of an output signal can be
reduced, and a desired voltage can be achieved more rapidly
than before, whereby conversion efficiency to obtain a
desired voltage can be improved.

Inaddition, in the voltage regulator circuit according to this
embodiment, the capacitor and the transistor can be formed
through the same steps, which can suppress an increase in the
number of steps.

Embodiment 2

In this embodiment, a voltage regulator circuit which is an
embodiment of the present invention will be described.

An example of a circuit configuration of the voltage regu-
lator circuit in this embodiment will be described with refer-
ence to FIG. 3. FIG. 3 is a circuit diagram illustrating an
example of the circuit configuration of the voltage regulator
circuit in this embodiment.

A voltage regulator circuit illustrated in FIG. 3 can be
regarded as a configuration including unit step-up circuits
211_1 to 211_» (n is a natural number of any one of 2 or
more) which are n-step unit step-up circuits and an output
circuit 212. The configuration of each circuit is described
below. Note that although the case where n is an even number
is shown as an example in FIG. 3, n may be an odd number
without limitation thereto.

The n-step unit step-up circuits illustrated in FIG. 3 are
formed using n unit step-up circuits, that is, the unit step-up
circuits 211_1 to 211_», and a M-th step (M is a natural
number of any one of 2 to n) unit step-up circuit 211_M is
electrically connected to a (M-1)-th step unit step-up circuit
211_M-1.

Each of the unit step-up circuits 211_1to 211_ », thatis, a
k-th step (k is a natural number of any one of 2 to n) unit
step-up circuit 211_ kincludes a transistor 201__£, a capacitor
202__k, a transistor 203__k, and a transistor 204__k.

One of a source and a drain of a transistor 201_M in the
M-th step unit step-up circuit 211_M is electrically connected
to the other of a source and a drain of a transistor 201_M-1 in
the (M-1)-th step unit step-up circuit 211_M-1. Note that a
connection portion of one of the source and the drain of the
transistor 201_M in the M-th step unit step-up circuit 211_M
and the other of the source and the drain of the transistor
201_M-1 in the (M-1)-th step unit step-up circuit 211_M-1
is also referred to as anode N1_M-1, and one of a source and
a drain of a transistor 201_1 in the first step unit step-up
circuit 211_1 is also referred to as a node N1_0.

A first electrode of the capacitor 202_ £ is electrically
connected to the other of a source and a drain of the transistor
201_F.
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A high power source voltage is applied to one of a source
and a drain of the transistor 203__%, and the other of the source
and the drain of the transistor 203__k is electrically connected
to a second electrode of the capacitor 202_ k.

One of a source and a drain of the transistor 204_ % is
electrically connected to the second electrode of the capacitor
202k, and alow power source voltage is applied to the other
of the source and the drain of the transistor 204__%.

Further, ina (2K-1)-th step (K is any one of 1 ton/2, and K
is a natural number) unit step-up circuit 211_ 2K-1, a gate of
a transistor 201_ 2K-1 is electrically connected to a clock
signal line 221, a gate of a transistor 203_ 2K -1 is electrically
connected to a clock signal line 222, and a gate of a transistor
204 2K-1 is electrically connected to the clock signal line
221.

Moreover, in a 2K-th step unit step-up circuit 211 2K, a
gate of a transistor 201_ 2K is electrically connected to the
clock signal line 222, a gate of a transistor 203_ 2K is elec-
trically connected to the clock signal line 221, and a gate of a
transistor 204_ 2K is electrically connected to the clock sig-
nal line 222.

A clock signal CK1 is inputted to the clock signal line 221,
and a clock signal CKB1 is inputted to the clock signal line
222.

Further, in the first step unit step-up circuit 211_1, a signal
IN1 is inputted to one of the source and the drain of the
transistor 201_1.

The output circuit 212 is electrically connected to the n-th
step unit step-up circuit 211_ ».

Further, one of a source and a drain of a transistor 205 is
electrically connected to the other of a source and a drain of a
transistor 201__# in the n-th step unit step-up circuit 211_ .
Moreover, the voltage of the other of the source and the drain
of the transistor 205 becomes the voltage of a signal OUT1
which is an output signal of the voltage regulator circuit.

Furthermore, in the case where n is an odd number, the
clock signal CKB1 is inputted to a gate of the transistor 205,
and in the case where n is an even number, the clock signal
CK1 is inputted to the gate of the transistor 205.

In a capacitor 206, a first electrode is electrically connected
to the other of the source and the drain of the transistor 205,
and low power source voltage is applied to a second electrode.
In addition, the capacitance of the capacitor 206 is preferably
made larger than the capacitance of the capacitor 202_ % in
the other unit step-up circuit 211__%. Accordingly, the voltage
state of the output signal of the voltage regulator circuit, that
is, the signal OUT1 can be made more stable.

As each of the transistors 201__k, 203__ %, 204__k, and 205,
atransistor including an oxide semiconductor layer serving as
a channel formation layer can be used. Note that the hydrogen
concentration in the channel formation layer is less than or
equal to 5x10'° atoms/cm?, preferably, less than or equal to
5x10'® atoms/cm?®, more preferably, less than or equal to
5x10*7 atoms/cm>. The hydrogen concentration is measured
using secondary ion mass spectrometry (SIMS), for example.
In addition, the carrier concentration of each of the transistors
201_k, 203_k, 204_ k%, and 205 is less than or equal to
1x10™* /cm?, preferably, less than or equal to 1x10'2 /ecm®.

A timing at which a voltage state changes in the clock
signal CK1 is different from that in the clock signal CKB1.
For example, when the clock signal CK1 is set to High level,
the clock signal CKB1 is preferably set to Low level; and
when the clock signal CKB1 is set to High level, the clock
signal CK1 is preferably set to Low level. As the clock signal
CKB1, for example, a signal obtained by inversion of the
clock signal CK1 can be used. The clock signal CKB1 can be
generated by inversion of the voltage state of the clock signal
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CK1 with a NOT circuit such as an inverter, for example. In
the clock signal CK1 and the clock signal CKB1, levels of a
voltage such as High level and Low level can be determined as
appropriate. In addition, the clock signal CK1 can be gener-
ated with the use of a buffer circuit and an oscillator circuit
such as a ring oscillator, for example. In addition, although, in
the voltage regulator circuit in FIG. 3, only the clock signal
CK1 and the clock signal CKB1 are used, without limitation
thereto, the voltage regulator circuit in this embodiment can
use a clock signal having three or more phases.

As described above, an example of the voltage regulator
circuit in this embodiment includes n-step unit step-up cir-
cuits and an output circuit which is electrically connected to
an n-th step unit step-up circuit. Each of the unit step-up
circuits includes a capacitor and a plurality of transistors
which each function as a switching element. The plurality of
transistors are each selectively turned on or off, whereby a
voltage of a signal inputted to the voltage regulator circuit is
stepped up, and the voltage which is stepped up is outputted
by the output circuit as an output signal of the voltage regu-
lator circuit. In the example of the voltage regulator circuit in
this embodiment, as a transistor, a transistor including a
highly purified oxide semiconductor layer serving as a chan-
nel formation layer is used. Thus, the voltage of each node can
be held for a longer time, it takes a shorter time to obtain a
desired voltage, and voltage conversion efficiency can be
improved.

Next, one example of the operation of the voltage regulator
circuit illustrated in FIG. 3 is described. Note that in the
example of the operation of the voltage regulator circuit illus-
trated in FIG. 3, which is described here, the signal IN1 is a
binary digital signal having High level and Low level, the
transistors 201__ k&, 203_ %k, 204_ % and 205 are each an
n-channel transistor, and the clock signal CK1 and the clock
signal CKB1 are each a clock signal in which High level and
Low level are periodically repeated.

The operation of the voltage regulator circuit illustrated in
FIG. 3 can be described by being divided into a plurality of
periods. The operation in each period is described below.

First, in a first period, the clock signal CK1 is set to High
level, and the clock signal CKB1 is set to Low level.

At this time, in the (2K-1)-th step unit step-up circuit
211_2K-1, the transistor 201__2K-1 and the transistor
204_2K-1 are turned on, and the transistor 203_ 2K-1 is
turned off. When the transistor 201__2K-1 is turned on, a
nodeN1_ 2K-1and anode N1_ 2K-2 have the same voltage.
At this time, the voltage of the node N1_2K-1 is set to
V_2K-1. In addition, when the transistor 204_ 2K-1 is
turned on, a low power source voltage is applied to a second
electrode of a capacitor 202_ 2K-1. Moreover, a voltage of
(V_2K-1)-VSS is applied to the capacitor 202_ 2K-1.

Next, ina second period, the clock signal CK1 is set to Low
level, and the clock signal CKB1 is set to High level.

At this time, in the (2K-1)-th step unit step-up circuit
211_2K-1, the transistor 201__2K-1 and the transistor
204_2K-1 are turned off, and the transistor 203_ 2K-1 is
turned on. Accordingly, the voltage of the second electrode of
the capacitor 202_ 2K-1 rises to V; therefore, a voltage of a
first electrode of the capacitor 202_ 2K -1 begins to rise in
accordance with the voltage rise of the second electrode of the
capacitor 202 2K-1. In addition, in the 2K-th step unit step-
up circuit 211_ 2K in the second period, the transistor 201__
2K and the transistor 204_ 2K are turned on, and the transis-
tor 203_2K is turned off. When the transistor 201_ 2K is
turned on, a node N1__ 2K and the node N1_ 2K -1 have the
same voltage. At this time, the voltage of the node N1_ 2K is
set to V__2K. In addition, when the transistor 204_ 2K is



US 9,236,402 B2

11

turned on, a low power source voltage is applied to a second
electrode of a capacitor 202 2K. Moreover, a voltage of
V_2K-VSS is applied to the capacitor 202 2K. In this
manner, in the second period, the voltage of the node
N1_2K-1 is voltage obtained by stepping up the voltage of
the node N1_ 2K -1 in the first period.

Next, in athird period, in a manner similar to that of the first
period, the clock signal CK1 is set to High level, and the clock
signal CKB1 is set to Low level.

At this time, in the 2K-th step unit step-up circuit 211_ 2K,
the transistor 201 2K and the transistor 204 2K are turned
off, and the transistor 203__2K is turned on. Accordingly, the
voltage of the second electrode of the capacitor 202_ 2K rises
to V; therefore, a voltage of a first electrode of the capacitor
202_ 2K begins to rise in accordance with the voltage rise of
the second electrode of the capacitor 202_ 2K. In addition, in
the (2K-1)-th step unit step-up circuit 211 2K-1 in the third
period, the transistor 201_2K-1 and the transistor 204__
2K -1 are turned on, and the transistor 203__2K-1 is turned
off. When the transistor 201_ 2K -1 is turned on, the node
N1_2K-1 and the node N1__ 2K -2 have the same voltage. In
addition, when the transistor 204__ 2K -1 is turned on, the low
power source voltage is applied to the second electrode of the
capacitor 202_ 2K-1. Moreover, a voltage of (V_2K-1)-
VSS is applied to the capacitor 202 2K-1. In this manner, in
the third period, the voltage of the node N1_ 2K is voltage
obtained by stepping up the voltage of the node N1_ 2K inthe
second period.

A step-up operation is performed also in the following
operations by repeating the operations of the first period to the
third period described above. At this time, the transistor 205 is
turned on and the voltage of'the first electrode of the capacitor
206 begins to rise in the second period in the case where n is
an odd number, and in the first and third periods in the case
where n is an even number. A voltage applied between the first
electrode and the second electrode of the capacitor 206 can be
obtained by ((CalxVal)+(Cb1xVb1))/(Cal+Cb1) with the
following assumption: the capacitance of a capacitor 202_»
in the n-th step unit step-up circuit 211__» is Cal; the capaci-
tance of the capacitor 206 is Cb1; the voltage of anode N1_ »
when the transistor 205 is turned off is Val; the voltage of the
signal OUT1 when the transistor 205 is turned oft'is Vb1; and
current consumption due to the load in the case where a load
is electrically connected to the capacitor 206 is as small as to
be able to be ignored. Accordingly, in the voltage regulator
circuit illustrated in FIG. 3, the voltage of the signal IN1 is
stepped up, and the signal OUT1 having the stepped up volt-
age of a voltage V, is outputted as an output signal.

As described above, in an example of the voltage regulator
circuit in this embodiment, when step-up operation is per-
formed in each unit step-up circuit, a signal whose voltage is
higher than the voltage of an inputted signal can be outputted
as an output signal.

Further, in an example of the voltage regulator circuit in
this embodiment, a transistor including a highly purified
oxide semiconductor layer as a channel formation layer is
applied to the transistors of the n-step unit step-up circuits and
the output circuit. Thus, the leakage current of the transistor in
the voltage regulator circuit can be reduced, an unnecessary
drop or rise in voltage of the output signal can be reduced, it
takes a shorter time to obtain a desired voltage by step-up
operation, and conversion efficiency to obtain a desired volt-
age can be improved.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.
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Embodiment 3

In this embodiment, a step-down circuit will be described
as another example of a voltage regulator circuit which is an
embodiment of the present invention.

An example of a circuit configuration of the voltage regu-
lator circuit in this embodiment will be described with refer-
ence to FIG. 4. FIG. 4 is a circuit diagram illustrating an
example of the circuit configuration of the voltage regulator
circuit in this embodiment.

A voltage regulator circuit illustrated in FIG. 4 includes
unit step-down circuits 511_1to 511__» (nis anatural number
of any one of 2 or more) which are n-step unit step-down
circuits and an output circuit 512. Note that although the case
where n is an even number is shown as an example in FIG. 4,
n may be an odd number without limitation thereto.

The n-step unit step-down circuits in FIG. 4 are formed
using n unit step-down circuits, that is, the unit step-down
circuits 511_1 to 511_», and a m-th step (m is a natural
number of any one of 2 to n) unit step-down circuit 511 m is
electrically connected to a (m-1)-th step unit step-down cir-
cuit 511 m-1.

Each of the unit step-down circuits 511_1to511_ », that is,
a m-th step unit step-down circuit 511__m includes a transis-
tor 501__m, a capacitor 502_m, a transistor 503_m, and a
transistor 504__m.

One of a source and a drain of a transistor 501 2 in the
m-th step unit step-down circuit 511__m is electrically con-
nected to the other of a source and a drain of a transistor
501_m-1 in the (m-1)-th step unit step-down circuit
511_m-1. A connection portion of one of the source and the
drain of'the transistor 501 __m in the m-th step unit step-down
circuit 511_ m and the other of the source and the drain of the
transistor 501 __m-1 in the (m-1)-th step unit step-down cir-
cuit 511__m-1 is also referred to as anode N2__m~-1, and one
of'a source and a drain of a transistor 501_1 in the first step
unit step-down circuit 511_1 is also referred to as a node
N2_0.

A first electrode of the capacitor 502_m is electrically
connected to the other of a source and a drain of the transistor
501_m.

A high power source voltage is applied to one of a source
and a drain of the transistor 503__m, and the other of the
source and the drain of the transistor 503__m is electrically
connected to a second electrode of the capacitor 502__m.

One of a source and a drain of the transistor 504 m is
electrically connected to the second electrode of the capacitor
502_ m, and a low power source voltage is applied to the other
of the source and the drain of the transistor 504__m.

Further, in a (2K-1)-th step unit step-down circuit 511__
2K-1, a clock signal CK2 is inputted to a gate of a transistor
501_2K-1, the clock signal CK2 is inputted to a gate of a
transistor 503 2K-1, and a clock signal CKB2 is inputted to
a gate of a transistor 504_ 2K -1

Moreover, in a 2K-th step unit step-down circuit 511 _ 2K,
a gate of a transistor 501_ 2K is electrically connected to a
clock signal line 522, a gate of a transistor 503__2K is elec-
trically connected to the clock signal line 522, and a gate of a
transistor 504_ 2K is electrically connected to a clock signal
line 521.

The clock signal CK2 is inputted to the clock signal line
521, and the clock signal CKB2 is inputted to the clock signal
line 522.

Further, in the first step unit step-down circuit 511_1, a
signal IN2 is inputted to one of the source and the drain of the
transistor 501_1.



US 9,236,402 B2

13

The output circuit 512 is electrically connected to the n-th
step unit step-down circuit 511_ 7.

Further, one of a source and a drain of a transistor 505 is
electrically connected to the other of a source and a drain of a
transistor 501_ » in the n-th step unit step-down circuit 511
n. Moreover, the voltage of the other of the source and the
drain of the transistor 505 becomes the voltage of a signal
OUT2 which is an output signal of the voltage regulator
circuit.

Furthermore, in the case where n is an odd number, the
clock signal CKB2 is inputted to a gate of the transistor 505,
and in the case where n is an even number, the clock signal
CK2 is inputted to the gate of the transistor 505.

In a capacitor 506, a first electrode is electrically connected
to the other of the source and the drain of the transistor 505,
and low power source voltage is applied to a second electrode.
In addition, the capacitance of the capacitor 506 is preferably
made larger than the capacitance of the capacitor 502__m in
the other unit step-down circuit 511 _m. Accordingly, the
voltage state of the output signal of the voltage regulator
circuit, that is, the signal OUT2 can be made more stable.

As each of the transistors 501__m, 503_m, 504__m, and
505, a transistor including an oxide semiconductor layer serv-
ing as a channel formation layer can be used. Note that the
hydrogen concentration in the channel formation layer is less
than or equal to 5x10'° atoms/cm>, preferably, less than or
equal to 5x10'® atoms/cm’, more preferably, less than or
equal to 5x10'7 atoms/cm’. The hydrogen concentration is
measured using secondary ion mass spectrometry (SIMS),
for example. In addition, the carrier concentration of each of
the transistors 501__m, 503__m, 504__m, and 505 is less than
or equal to 1x10™* /cm?, preferably, less than or equal to
1x10'2 /em?.

A timing at which a voltage state changes in the clock
signal CK2 is different from that in the clock signal CKB2.
For example, when the clock signal CK2 is set to High level,
the clock signal CKB2 is preferably set to Low level; and
when the clock signal CKB2 is set to High level, the clock
signal CK2 is preferably set to Low level. As the clock signal
CKB2, for example, a signal obtained by inversion of the
clock signal CK2 can be used. The clock signal CKB2 can be
generated by inversion of the voltage state of the clock signal
CK2 with a NOT circuit such as an inverter, for example. In
the clock signal CK2 and the clock signal CKB2, levels of a
voltage such as High level and Low level can be determined as
appropriate. In addition, the clock signal CK2 can be gener-
ated with the use of a buffer circuit and an oscillator circuit
such as a ring oscillator, for example. In addition, although in
the voltage regulator circuit in FIG. 4, only the clock signal
CK2 and the clock signal CKB2 are used, without limitation
thereto, the voltage regulator circuit in this embodiment can
use a clock signal having three or more phases.

As described above, an example of the voltage regulator
circuit in this embodiment includes n-step unit step-down
circuits and an output circuit which is electrically connected
to an n-th step unit step-down circuit. Each of the unit step-
down circuits includes a capacitor and a plurality of transis-
tors which each function as a switching element. The plurality
of transistors are selectively turned on or off, whereby a
voltage of the signal inputted to the voltage regulator circuit is
stepped down, and the voltage which is stepped down is
outputted by the output circuit as an output signal of the
voltage regulator circuit. In the example of the voltage regu-
lator circuit in this embodiment, as a transistor, a transistor
including a highly purified oxide semiconductor layer serving
as a channel formation layer is used. Thus, the voltage of each
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node can be held for a longer time, it takes a shorter time to
obtain a desired voltage, and voltage conversion efficiency
can be improved.

Next, one example of the operation of the voltage regulator
circuit in FIG. 4 is described. Note that in the example of the
operation of the voltage regulator circuit illustrated in FIG. 4,
which is described here, the signal IN2 is a binary digital
signal having High level and Low level, the transistors
501_m, 503__m, 504__m, and 505 are each an n-channel
transistor, and the clock signal CK2 and the clock signal
CKB2 are each a clock signal in which High level and Low
level are periodically repeated.

The operation of the voltage regulator circuit illustrated in
FIG. 4 can be described by being divided into a plurality of
periods. The operation in each period is described below.
First, ina first period, the clock signal CK2 is set to High level,
and the clock signal CKB2 is set to Low level.

At this time, in the (2K-1)-th step unit step-down circuit
511_2K-1, the transistor 501__2K-1 and the transistor
503__2K-1 are turned on, and the transistor 504_ 2K-1 is
turned off. When the transistor 501_ 2K-1 is turned on, a
nodeN2_ 2K-1and anode N2 2K-2have the same voltage.
At this time, the voltage of the node N2 2K-1 is set to
V_2K-1. In addition, when the transistor 503__2K-1 is
turned on, a high power source voltage is applied to a second
electrode of a capacitor 502_ 2K-1. Moreover, a voltage of
(V_2K-1)-VDD is applied to the capacitor 502_ 2K-1.

Next, ina second period, the clock signal CK2 is set to Low
level, and the clock signal CKB2 is set to High level.

At this time, in the (2K-1)-th step unit step-down circuit
511_2K-1, the transistor 501__2K-1 and the transistor
503__2K-1 are turned off, and the transistor 504_ 2K -1 is
turned on. Accordingly, the voltage of the second electrode of
the capacitor 502_ 2K -1 drops to V,; therefore, a voltage of
a first electrode of the capacitor 502 2K -1 begins to drop in
accordance with the voltage drop of the second electrode of
the capacitor 502_ 2K-1. In addition, in the 2K-th step unit
step-down circuit 511 2K in the second period, the transistor
501__2K and the transistor 503__2K are turned on. When the
transistor 501__ 2K is turned on, a node N2_ 2K and the node
N2_ 2K-1 have the same voltage. At this time, the voltage of
the node N2_ 2K is set to V_2K. In addition, when the
transistor 503__2K is turned on, a high power source voltage
is applied to a second electrode of a capacitor 502_ 2K.
Moreover, a voltage of V__2K-VDD is applied to the capaci-
tor 502__2K. In this manner, in the second period, the voltage
of'the node N2 2K-1 is voltage obtained by stepping down
the voltage of the node N2_ 2K~1 in the first period.

Next, in a third period, the clock signal CK2 is set to High
level, and the clock signal CKB2 is set to Low level.

At this time, in the 2K-th step unit step-down circuit 511__
2K, the transistor 501__ 2K and the transistor 503_ 2K are
turned off, and the transistor 504_ 2K is turned on. Accord-
ingly, the voltage of the second electrode of the capacitor
502_ 2K drops to V;; therefore, a voltage of a first electrode
of the capacitor 502 2K begins to drop in accordance with
the voltage drop of the second electrode of the capacitor
502_ 2K. In addition, in the (2K-1)-th step unit step-down
circuit 511_ 2K-1 in the third period, the transistor 501__
2K -1 and the transistor 503_ 2K-1 are turned on, and the
transistor 504 2K -1 is turned off. When the transistor 501
2K -1 is turned on, the node N2_ 2K -1 and the node N2_ 2K
have the same voltage. In addition, when the transistor 503
2K-1 is turned on, a high power source voltage is applied to
the second electrode of the capacitor 502 2K-1. Moreover,
a voltage of (V_2K-1)-VDD is applied to the capacitor
502_ 2K-1. In this manner, in the third period, the voltage of



US 9,236,402 B2

15

the node N2_ 2K is voltage obtained by stepping down the
voltage of the node N2_ 2K in the second period.

A step-down operation is performed also in the following
operations by repeating the operations of the first period to the
third period described above. At this time, the transistor 505 is
turned on and the voltage of'the first electrode of the capacitor
506 begins to drop in the second period in the case where n is
an odd number, and in the first and third periods in the case
where n is an even number. A voltage applied between the first
electrode and the second electrode of the capacitor 506 can be
obtained by ((Ca2xVa2)+(Cb2xVb2))/(Ca2+Cbh2) with the
following assumption: the capacitance of a capacitor 502_ »
in the n-th step unit step-down circuit 511_#» is Ca2; the
capacitance of the capacitor 506 is Cb2; the voltage of'a node
N2__»when the transistor 505 is turned off is Va2; the voltage
of the signal OUT2 when the transistor 505 is turned off is
Vb2; and current consumption due to the load in the case
where a load is electrically connected to the capacitor 506 is
as small as to be able to be ignored. Accordingly, in the
voltage regulator circuit illustrated in FIG. 4, the voltage of
the signal IN2 is stepped down, and the signal OUT?2 having
the stepped up voltage of a voltage V,, is outputted as an
output signal

As described above, in an example of the voltage regulator
circuit in this embodiment, when step-down operation is per-
formed in each unit step-up circuit, a signal whose voltage is
lower than the voltage of an inputted signal can be outputted
as an output signal.

Further, in an example of the voltage regulator circuit in
this embodiment, a transistor including a highly purified
oxide semiconductor layer as a channel formation layer is
applied to the transistors of the n-step unit step-down circuits
and the output circuit. Thus, the leakage current of the tran-
sistor in the voltage regulator circuit can be reduced, an
unnecessary drop or rise in voltage of the output signal can be
reduced, it takes a shorter time to obtain a desired voltage by
step-down operation, and conversion efficiency to obtain a
desired voltage can be improved.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 4

In this embodiment, an example of a thin film transistor
which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described.

In this embodiment, an embodiment of a transistor and a
manufacturing method of the transistor will be described with
reference to FIGS. 5A and 5B and FIGS. 6A to 6E.

FIGS.5A and 5B illustrate an example of a planar structure
and an example of a cross-sectional structure of a transistor. A
transistor 410 illustrated in FIGS. 5A and 5B is one of top gate
thin film transistors.

FIG. 5A is a plan view of the transistor 410 having a
top-gate structure and FIG. 5B is a cross-sectional view taken
along C1-C2 in FIG. 5A.

The transistor 410 includes, over a substrate 400 having an
insulating surface, an insulating layer 407, an oxide semicon-
ductor layer 412, a source or drain electrode layer 4154, a
source or drain electrode layer 4155, a gate insulating layer
402, and a gate electrode layer 411. A wiring layer 414a and
a wiring layer 4145 are provided so as to be in contact with
and electrically connected to the source or drain electrode
layer 415a and the source or drain electrode layer 4155,
respectively.
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Although the transistor 410 is a single-gate transistor, a
multi-gate transistor including a plurality of channel forma-
tion regions may be formed as the transistor of this embodi-
ment.

A manufacturing process of the transistor 410 over the
substrate 400 having an insulating surface is described below
with reference to FIGS. 6A to 6E.

Although there is no particular limitation on a substrate
which can be used for the substrate 400 having an insulating
surface, it is necessary that the substrate have at least enough
heat resistance to heat treatment in a subsequent step. For
example, as the substrate 400, a glass substrate of barium
borosilicate glass, aluminoborosilicate glass, or the like can
be used.

As the glass substrate, a substrate having a strain point of
730° C. or higher may be used when the temperature of heat
treatment in a subsequent step is high. As a material of the
glass substrate, a glass material such as aluminosilicate glass,
aluminoborosilicate glass, or barium borosilicate glass can be
used, for example. Note that by containing a larger amount of
barium oxide (BaO) than boron oxide (B,0;), a glass sub-
strate is heat-resistant and of more practical use. Therefore, a
glass substrate containing a larger amount of BaO than B,O;
is preferably used.

Note that a substrate formed using an insulator, such as a
ceramic substrate, a quartz substrate, or a sapphire substrate,
may beused as the substrate 400 instead of the glass substrate.
Crystallized glass or the like may be used as well. Alterna-
tively, a plastic substrate or the like can be used as appropri-
ate. Further alternatively, as the substrate, a semiconductor
substrate of silicon or the like can be used.

First, the insulating layer 407 which serves as a base film is
formed over the substrate 400 having an insulating surface.
As the insulating layer 407 in contact with the oxide semi-
conductor layer 412, an oxide insulating layer such as a
silicon oxide layer, a silicon oxynitride layer (also referred to
as SiO,N,, where x>y>0), an aluminum oxide layer, or an
aluminum oxynitride layer is preferably used. Although a
plasma CVD method, a sputtering method, or the like can be
employed as a method for forming the insulating layer 407,
the insulating layer 407 is preferably formed with a sputtering
method so that hydrogen is contained in the insulating layer
407 as little as possible.

In this embodiment, a silicon oxide layer is formed as the
insulating layer 407 with a sputtering method. The substrate
400 is transferred to a treatment chamber and a high-purity
sputtering gas from which hydrogen and moisture are
removed and which contains oxygen is introduced, and a
silicon oxide layer is formed as the insulating layer 407 over
the substrate 400 with the use of a silicon semiconductor
target. The substrate 400 may be at room temperature or may
be heated.

For example, a silicon oxide film is formed with an RF
sputtering method, in which quartz (preferably, synthetic
quartz) is used, the substrate temperature is 108° C., the
distance between the target and the substrate (1-S distance) is
60 mm, the pressure is 0.4 Pa, the high-frequency power
source is 1.5 kW, and an oxygen and argon atmosphere (the
flow ratio of oxygen to argon is 1:1 (each flow rate is 25
sccm)) is used. The film thickness thereofis 100 nm. Note that
instead of quartz (preferably, synthetic quartz), a silicon tar-
get can be used as the target for forming the silicon oxide film.
As the sputtering gas, oxygen or a mixed gas of oxygen and
argon is used.

In that case, it is preferable that the insulating layer 407 be
formed while moisture remaining in the treatment chamber is
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removed. This is for preventing hydrogen, a hydroxyl group,
or moisture from being contained in the insulating layer 407.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In a film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), or the like is removed, whereby the
concentration of an impurity contained in the insulating layer
407 formed in the film formation chamber can be reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
insulating layer 407 is formed.

Examples of the sputtering method include an RF sputter-
ing method in which a high-frequency power source is used as
a sputtering power source, a DC sputtering method using a
DC power source, and a pulsed DC sputtering method in
which a bias is applied in a pulsed manner. An RF sputtering
method is mainly used in the case where an insulating film is
formed, and a DC sputtering method is mainly used in the
case where a metal film is formed.

Moreover, there is a multi-source sputtering apparatus in
which a plurality of targets of different materials can be set.
With the multi-source sputtering apparatus, films of different
materials can be formed to be stacked in the same chamber, or
a film of plural kinds of materials can be formed by electric
discharge at the same time in the same chamber.

In addition, there are a sputtering apparatus provided with
a magnet system inside a chamber and used for a magnetron
sputtering method, and a sputtering apparatus used for an
ECR sputtering method in which plasma generated with the
use of microwaves is used without using glow discharge.

Furthermore, as a film formation method using a sputtering
method, there are also a reactive sputtering method in which
atarget substance and a sputtering gas component are chemi-
cally reacted with each other during film formation to form a
thin compound film thereof, and a bias sputtering method in
which a voltage is also applied to a substrate during film
formation.

Further, the insulating layer 407 may have a stacked struc-
ture in which for example, a nitride insulating layer such as a
silicon nitride layer, a silicon nitride oxide layer (also referred
also referred to as SiN O,, where x>y>0), an aluminum
nitride layer, or an aluminum nitride oxide layer and the oxide
insulating layer are stacked in this order from the substrate
400 side.

For example, a high-purity sputtering gas from which
hydrogen and moisture are removed and which contains
nitrogen is introduced and a silicon target is used, whereby a
silicon nitride layer is formed between a silicon oxide layer
and a substrate. Also in this case, the silicon nitride layer is
preferably formed removing moisture remaining in a treat-
ment chamber, similarly to the silicon oxide layer.

The substrate may be heated also at the time of the film
formation of the silicon nitride layer.

In the case where the silicon nitride layer and the silicon
oxide layer are stacked as the insulating layer 407, the silicon
nitride layer and the silicon oxide layer can be formed in the
same treatment chamber using a common silicon target. First,
a sputtering gas containing nitrogen is introduced and a sili-
con nitride layer is formed using a silicon target placed inside
the treatment chamber, and then the sputtering gas is switched
to a sputtering gas containing oxygen and a silicon oxide layer
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is formed using the same silicon target. Since the silicon
nitride layer and the silicon oxide layer can be formed in
succession without exposure to the air, an impurity such as
hydrogen or moisture can be prevented from being adsorbed
on a surface of the silicon nitride layer. [0134]

Next, an oxide semiconductor film having a thickness of 2
nm to 200 nm inclusive is formed over the insulating layer
407.

In order for the oxide semiconductor film not to contain an
impurity such as hydrogen, a hydroxyl group, or moisture as
much as possible, it is preferable to preheat the substrate 400
provided with the insulating layer 407 in a preheating cham-
ber of the sputtering apparatus before the film formation so
that an impurity such as hydrogen or moisture adsorbed on the
substrate 400 is eliminated, and perform exhaustion. As an
exhaustion unit provided in the preheating chamber, a cry-
opump is preferable. This preheating step is not necessarily
performed. Further, this preheating may be similarly per-
formed on the substrate 400 over which the gate insulating
layer 402 which is formed in a later step has not been formed
or the substrate 400 over which layers up to the source or drain
electrode layer 415a and the source or drain electrode layer
41556 which are formed in a later step have been formed.

Note that before the oxide semiconductor film is formed
with a sputtering method, dust on a surface of the insulating
layer 407 is preferably removed by reverse sputtering in
which an argon gas is introduced and plasma is generated.
The reverse sputtering refers to a method in which, without
application of voltage to a target side, a high-frequency power
source is used for application of voltage to a substrate side
under an argon atmosphere to generate plasma in the vicinity
of'the substrate so that a surface is modified. Note that instead
of an argon atmosphere, a nitrogen atmosphere, a helium
atmosphere, an oxygen atmosphere, or the like may be used.

The oxide semiconductor film is formed with a sputtering
method. As the oxide semiconductor film, any of the follow-
ing oxide semiconductor films can be applied: an In—Ga—
Zn—0O-based oxide semiconductor film; an In—Sn—Zn—
O-based oxide semiconductor film; an In—Al—Zn—O-
based oxide semiconductor film; a Sn—Ga—~Zn—O-based
oxide semiconductor film; an Al-—Ga—Zn—0O-based oxide
semiconductor film; an Sn—Al—Zn—O-based oxide semi-
conductor film; an In—Zn—O-based oxide semiconductor
film; a Sn—Zn—O-based oxide semiconductor film; an
Al—7n—0-based oxide semiconductor film; an In—O-
based oxide semiconductor film; an In—Sn—O-based oxide
semiconductor film; a Sn—O-based oxide semiconductor
film; and a Zn—O-based oxide semiconductor film. In this
embodiment, the oxide semiconductor film is formed with a
sputtering method with the use of an In—Ga—Z7n—O based
metal oxide target. Then, the oxide semiconductor film can be
formed with a sputtering method under a rare gas (typically,
argon) atmosphere, an oxygen atmosphere, or an atmosphere
of'a rare gas (typically, argon) and oxygen. In the case where
a sputtering method is employed, a film may be formed with
a target including SiO, at 2 wt % to 10 wt % inclusive.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide semiconductor film is formed.

As a target for forming the oxide semiconductor film with
a sputtering method, a metal oxide target containing zinc
oxide as its main component can be used. As another example
of the metal oxide target, for example, a metal oxide target
with a composition ratio of In,0;:Ga,0;:Zn0=1:1:1 (molar
ratio) can be used. Without limitation to the above target, for
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example, a metal oxide target with a composition ratio of
In,0,:Ga,0,:Zn0=1:1:2 (molar ratio) may be used. The pro-
portion of the volume of a portion except for an area occupied
by a space and the like with respect to the total volume of the
metal oxide target to be manufactured (also referred to as the
fill rate of the metal oxide target) is 90% to 100% inclusive,
preferably, 95% to 99.9% inclusive. With the use of a metal
oxide target with high filling factor, the formed oxide semi-
conductor film has high density.

The substrate is held in a treatment chamber kept under
reduced pressure, a sputtering gas from which hydrogen and
moisture are removed is introduced into the treatment cham-
ber from which remaining moisture is being removed, and the
oxide semiconductor film is formed over the substrate 400
with the use of a metal oxide as a target. In order to remove
moisture remaining in the treatment chamber, an entrapment
vacuum pump is preferably used. For example, a cryopump,
an ion pump, or a titanium sublimation pump is preferably
used. Further, an evacuation unit may be a turbo pump pro-
vided with a cold trap. In the film formation chamber which is
evacuated with the cryopump, for example, a hydrogen atom,
a compound containing a hydrogen atom, such as water
(H,0), (more preferably, also a compound containing a car-
bon atom), and the like are removed, whereby the concentra-
tion of an impurity in the oxide semiconductor film formed in
the film formation chamber can be reduced. The substrate
may be heated when the oxide semiconductor film is formed.

As an example of film formation conditions, the following
conditions are employed: the substrate temperature is room
temperature; the distance between the substrate and the target
is 60 mm, the pressure is 0.4 Pa, the direct current (DC) power
source is 0.5 kW, and an atmosphere of oxygen and argon (the
flow rate of oxygen to argon is 15 sccm:30 scem=1:2) is used.
Itis preferable that a pulsed direct-current (DC) power source
be used because powder substances (also referred to as par-
ticles or dust) generated in film formation can be reduced and
the film thickness can be uniform. The oxide semiconductor
film preferably has a thickness of 5 nm to 30 nm inclusive.
Note that there is a difference in an appropriate thickness,
which depends on an oxide semiconductor material, and the
thickness may be set as appropriate in a manner which
depends on the material.

Next, the oxide semiconductor film is processed into the
island-shaped oxide semiconductor layer 412 through a first
photolithography step (see FIG. 6A). Further, a resist mask
for forming the island-shaped oxide semiconductor layer 412
may be formed with an ink-jet method. A photomask is not
used when the resist mask is formed with an ink-jet method,
which results in reducing manufacturing costs.

For the etching of the oxide semiconductor film, wet etch-
ing, dry etching, or both of them may be employed.

As the etching gas for dry etching, a gas containing chlo-
rine (chlorine-based gas such as chlorine (Cl,), boron chlo-
ride (BCl,), silicon chloride (SiCl,), or carbon tetrachloride
(CCly)) is preferably used.

Alternatively, a gas containing fluorine (fluorine-based gas
such as carbon tetrafluoride (CF,), sulfur fluoride (SFy),
nitrogen fluoride (NF,), or trifluoromethane (CHF,)); hydro-
gen bromide (HBr); oxygen (O,); any of these gases to which
a rare gas such as helium (He) or argon (Ar) is added; or the
like can be used.

As the dry etching method, a parallel plate RIE (reactive
ion etching) method or an ICP (inductively coupled plasma)
etching method can be used. In order to etch the film into a
desired shape, the etching condition (the amount of electric
power applied to a coil-shaped electrode, the amount of elec-
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tric power applied to an electrode on a substrate side, the
temperature of the electrode on the substrate side, or the like)
is adjusted as appropriate.

As an etchant used for wet etching, a mixed solution of
phosphoric acid, acetic acid, and nitric acid, or the like can be
used. In addition, ITOO7N (produced by Kanto Chemical
Co., Inc.) may also be used.

Furthermore, the etchant after the wet etching is removed
together with the etched material by cleaning. The waste
liquid of the etchant including the material etched off may be
purified and the material may be reused. When a material such
as indium included in the oxide semiconductor layer is col-
lected from the waste liquid after the etching and reused, the
resources can be efficiently used and the cost can be reduced.

The etching conditions (such as an etchant, etching time,
and temperature), which depend on the material, are adjusted
as appropriate so that the material can be etched into a desired
shape.

In this embodiment, the oxide semiconductor film is pro-
cessed into the island-shaped oxide semiconductor layer 412
with a wet etching method with a mixed solution of phospho-
ric acid, acetic acid, and nitric acid as an etchant.

In this embodiment, the oxide semiconductor layer 412 is
subjected to first heat treatment. The temperature of the first
heat treatment is higher than or equal to 400° C. and lower
than or equal to 750° C., preferably, higher than or equal to
400° C. and lower than the strain point of the substrate. Here,
the substrate is introduced in an electric furnace which is a
kind of heat treatment apparatus and heat treatment is per-
formed on the oxide semiconductor layer under a nitrogen
atmosphere at 450° C. for one hour, and then water and
hydrogen are prevented from entering the oxide semiconduc-
tor layer. In this manner, the oxide semiconductor layer in
which hydrogen concentration is reduced is obtained.
Through the first heat treatment, dehydration or dehydroge-
nation of the oxide semiconductor layer 412 can be per-
formed.

Note that the heat treatment apparatus is not limited to an
electric furnace, and may have a device for heating an object
to be processed by heat conduction or heat radiation from a
heater such as a resistance heater. For example, an RTA (rapid
thermal anneal) apparatus such as a GRTA (gas rapid thermal
anneal) apparatus or an LRTA (lamp rapid thermal anneal)
apparatus can be used. An LRTA apparatus is an apparatus for
heating an object to be processed by radiation of light (an
electromagnetic wave) emitted from a lamp such as a halogen
lamp, a metal halide lamp, a xenon arc lamp, a carbon arc
lamp, a high pressure sodium lamp, or a high pressure mer-
cury lamp. A GRTA apparatus is an apparatus with which heat
treatment is performed using a high-temperature gas. As the
gas, an inert gas which does not react with an object to be
processed by heat treatment, like nitrogen or arare gas such as
argon is used.

For example, as the first heat treatment, GRTA may be
performed as follows. The substrate is transferred and put in
an inert gas which has been heated to a high temperature of
650° C.t0700° C., heated for several minutes, and transferred
and taken out of the inert gas which has been heated to a high
temperature. GRTA enables a high-temperature heat treat-
ment for a short time.

Note that in the first heat treatment, it is preferable that
water, hydrogen, and the like be not contained in nitrogen or
a rare gas such as helium, neon, or argon. For example, the
purity of nitrogen or a rare gas such as helium, neon, or argon,
which is introduced into the heat treatment apparatus, is pref-
erably 6N (99.9999%) or more, more preferably, 7N
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(99.99999%) or more (i.e., impurity concentration is prefer-
ably 1 ppm or lower, more preferably, 0.1 ppm or lower).

The oxide semiconductor layer 412 becomes a microcrys-
talline layer or a polycrystalline layer by crystallization in
some cases in a manner which depends on a condition of the
first heat treatment or a material of the oxide semiconductor
film. For example, the oxide semiconductor layer may be
crystallized to become microcrystalline semiconductor layer
having a degree of crystallization of 90% or more, or 80% or
more. Further, in accordance with conditions of the first heat
treatment or a material of the oxide semiconductor layer, the
oxide semiconductor layer may be an amorphous oxide semi-
conductor layer which does not contain crystalline compo-
nents. The oxide semiconductor layer may become an oxide
semiconductor layer in which a microcrystalline portion
(with a grain diameter of 1 nm to 20 nm inclusive, typically 2
nm to 4 nm inclusive) is mixed into an amorphous oxide
semiconductor.

In addition, the first heat treatment can also be performed
on the oxide semiconductor film before being processed into
the island-shaped oxide semiconductor layer. In that case, the
substrate is taken out from the heat apparatus after the first
heat treatment, and then a photolithography step is per-
formed.

The heat treatment having an effect of dehydration or dehy-
drogenation with respect to the oxide semiconductor layer
may be performed at any of the following timings: after the
oxide semiconductor layer is formed; after a source electrode
and a drain electrode are formed over the oxide semiconduc-
tor layer; and after a gate insulating layer is formed over the
source electrode and the drain electrode.

Next, a conductive film is formed over the insulating layer
407 and the oxide semiconductor layer 412. For example, the
conductive film may be formed with a sputtering method or a
vacuum evaporation method. As a material of the conductive
film, there are an element selected from Al, Cr, Cu, Ta, Ti, Mo,
and W, an alloy including any of the above elements as its
component, an alloy film including a combination of any of
the above elements, and the like. Alternatively, one or more
materials selected from manganese, magnesium, zirconium,
beryllium, and yttrium may be used. The conductive film may
have a single-layer structure or a stacked structure of two or
more layers. For example, a single-layer structure of an alu-
minum film including silicon, a two-layer structure in which
atitanium film is stacked over an aluminum film, a three-layer
structure in which a titanium film, an aluminum film, and a
titanium film are stacked in this order, and the like can be
given. Alternatively, a film of one or a plurality of elements
selected from titanium (Ti), tantalum (Ta), tungsten (W),
molybdenum (Mo), chromium (Cr), neodymium (Nd), and
scandium (Sc) combined with Al, an alloy film containing a
plurality of the above elements, or a nitride film thereof may
be used.

A resist mask is formed over the conductive film through a
second photolithography step. The conductive film is selec-
tively etched, so that the source or drain electrode layer 4154
and the source or drain electrode layer 4155 are formed. Then,
the resist mask is removed (see FIG. 6B). It is preferable that
an end portion of the formed source electrode layer and drain
electrode layer be tapered because coverage with the gate
insulating layer stacked thereover is improved.

In this embodiment, as the source or drain electrode layer
415a and the source or drain electrode layer 4154, a titanium
film having a thickness of 150 nm is formed with a sputtering
method.

Note that materials and etching conditions of the oxide
semiconductor film and the insulating film are adjusted as
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appropriate so that the oxide semiconductor layer 412 is not
removed and the insulating layer 407 under the oxide semi-
conductor layer 412 is not exposed when the conductive film
is etched.

In this embodiment, a titanium film is used as the conduc-
tive film, an In—Ga—Z7n—0-based oxide semiconductor is
used as the oxide semiconductor layer 412, and an ammonia
hydrogen peroxide solution (a mixture of ammonia, water,
and a hydrogen peroxide solution) is used as an etchant.

In the second photolithography step, only part of the oxide
semiconductor layer 412 may be etched off, whereby an
oxide semiconductor layer having a groove (a depressed por-
tion) might be formed. In addition, the resist mask for forming
the source or drain electrode layer 4154 and the source or
drain electrode layer 41556 may be formed with an ink-jet
method. A photomask is not used when the resist mask is
formed with an ink-jet method, which results in reducing
manufacturing costs.

Ultraviolet, a KrF laser beam, or an ArF laser beam is used
for light exposure for forming the resist mask in the second
photolithography step. A channel length L of the thin film
transistor to be formed later depends on a width of a distance
between a bottom portion of the source electrode layer and a
bottom portion of the drain electrode layer which are adjacent
to each other over the oxide semiconductor layer 412. Note
that when light exposure is performed in the case where the
channel length L is shorter than 25 nm, extreme ultraviolet
with extremely short wavelengths of several nanometers to
several tens of nanometers is used for light exposure for
forming the resist mask in the second photolithography step.
Light exposure with extreme ultraviolet leads to a high reso-
Iution and a large depth of focus. Accordingly, the channel
length L of the thin film transistor to be formed later can be set
to 10 nm to 1000 nm inclusive. Thus, the operation speed of
a circuit can be increased, and further, an off-state current can
be significantly small so that low power consumption can be
achieved.

Next, the gate insulating layer 402 is formed over the
insulating layer 407, the oxide semiconductor layer 412, the
source or drain electrode layer 415a, and the source or drain
electrode layer 4155 (see FIG. 6C).

The gate insulating layer 402 can be formed with a single-
layer structure or a stacked structure using one or more of a
silicon oxide layer, a silicon nitride layer, a silicon oxynitride
layer, assilicon nitride oxide layer, or an aluminum oxide layer
with a plasma CVD method, a sputtering method, or the like.
Note that the gate insulating layer 402 is preferably formed
with a sputtering method so that the gate insulating layer 402
contains hydrogen as little as possible. In the case where a
silicon oxide film is formed with a sputtering method, a
silicon target or a quartz target is used as the target, and
oxygen or a mixed gas of oxygen and argon is used as the
sputtering gas.

In addition, as the gate insulating layer 402, HfO, (x>0) or
the like can also be used, for example. With the use of HfO, or
the like as the gate insulating layer 402, leakage current that
flows from the oxide semiconductor layer side toward the gate
electrode can be reduced.

Alternatively, the gate insulating layer 402 can have a
structure in which a silicon oxide layer and a silicon nitride
layer are stacked from the side of the source or drain electrode
layer 4154 and the source or drain electrode layer 4155. For
example, a gate insulating layer having a thickness of 100 nm
is formed in such a manner that a silicon oxide layer (SiO,
(x>0)) having a thickness of 5 nm to 300 nm inclusive is
formed as a first gate insulating layer and then a silicon nitride
layer (SiN,, (y>0)) having a thickness of 50 nm to 200 nm
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inclusive is stacked with a sputtering method as a second gate
insulating layer over the first gate insulating layer. In this
embodiment, a silicon oxide layer having a thickness of 100
nm is formed with an RF sputtering method, in which the
pressure is 0.4 Pa, the high-frequency power source is 1.5kW,
and an oxygen and argon atmosphere (the flow ratio of oxy-
gen to argon is 1:1 (each flow rate is 25 sccm)) is used.

Next, a resist mask is formed through a third photolithog-
raphy step. The resist mask is selectively etched, so that an
opening 421a and an opening 4215 which reach the source or
drain electrode layer 415a and the source or drain electrode
layer 4155, respectively, are formed by removing part of the
gate insulating layer 402 (see FIG. 6D).

Next, after a conductive film is formed over the gate insu-
lating layer 402 and the openings 421a and 42154, the gate
electrode layer 411 and the wiring layers 414a and 4145 are
formed through a fourth photolithography step. Note that a
resist mask may be formed with an ink-jet method. A photo-
mask is not used when the resist mask is formed with an
ink-jet method, which results in reducing manufacturing
costs.

A conductive film for forming the gate electrode layer 411,
and the wiring layers 4144 and 4145 can be formed to have a
single-layer or a stacked structure using a metal material such
as molybdenum, titanium, chromium, tantalum, tungsten,
aluminum, copper, neodymium, or scandium, or an alloy
material including any of these materials as its main compo-
nent.

For example, as a two-layer structure of each of the gate
electrode layer 411, and the wiring layers 414a and 4145, the
following structures are preferable: a two-layer structure of
an aluminum layer and a molybdenum layer stacked there-
over, a two-layer structure of a copper layer and a molybde-
num layer stacked thereover, a two-layer structure of a copper
layer and a titanium nitride layer or a tantalum nitride layer
stacked thereover, and a two-layer structure of a titanium
nitride layer and a molybdenum layer. As a three-layer struc-
ture, a stacked structure of a tungsten layer or a tungsten
nitride layer, a layer of an alloy of aluminum and silicon or an
alloy of aluminum and titanium, and a titanium nitride layer
or a titanium layer is preferable. Note that the gate electrode
layer can also be formed using a light-transmitting conductive
film. As an example of a material of the light-transmitting
conductive film, a light-transmitting conductive oxide or the
like can be given.

In this embodiment, as the gate electrode layer 411, and the
wiring layers 414a and 414b, a titanium film having a thick-
ness of 150 nm is formed with a sputtering method.

Next, second heat treatment (preferably at 200° C. to 400°
C. inclusive, e.g., 250° C. to 350° C. inclusive) is performed
under an inert gas atmosphere or an oxygen gas atmosphere.
Inthis embodiment, the second heat treatment is performed at
250° C. for one hourunder a nitrogen atmosphere. The second
heat treatment may be performed after a protective insulating
layer or a planarization insulating layer is formed over the
transistor 410.

Furthermore, heat treatment at 100° C. to 200° C. inclusive
for one hour to 30 hours inclusive in an air atmosphere may be
performed. This heat treatment may be performed at a fixed
heating temperature. Alternatively, the following change in
the heating temperature may be performed plural times
repeatedly: the heating temperature is increased from room
temperature to a temperature of 100° C. to 200° C. inclusive
and then decreased to room temperature. This heat treatment
may be performed before the formation of the oxide insulat-
ing layer under a reduced pressure. Under the reduced pres-
sure, the heat treatment time can be shortened.
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Through the above-described process, the transistor 410
including the oxide semiconductor layer 412 in which the
concentration of hydrogen, moisture, hydride, or hydroxide is
reduced can be formed (see FIG. 6E).

In addition, a protective insulating layer or planarizing
insulating layer for planarization may be provided over the
transistor 410. For example, the protective insulating layer
can be formed with a single-layer structure or a stacked struc-
ture using one or more of a silicon oxide layer, a silicon nitride
layer, a silicon oxynitride layer, a silicon nitride oxide layer,
and an aluminum oxide layer.

Further, the planarizing insulating layer can be formed
using an organic material having heat resistance, such as
polyimide, acrylic resin, benzocyclobutene resin, polyamide,
or epoxy resin. Other than such organic materials, it is also
possible to use a low-dielectric constant material (a low-k
material), a siloxane-based resin, PSG (phosphosilicate
glass), BPSG (borophosphosilicate glass), or the like. The
planarizing insulating layer may be formed by stacking a
plurality of insulating films formed of these materials.

Note that the siloxane-based resin corresponds to a resin
including a Si—O—Si bond formed using a siloxane-based
material as a starting material. The siloxane-based resin may
include an organic group (e.g., an alkyl group or an aryl
group) or a fluoro group as a substituent. Moreover, the
organic group may include a fluoro group.

There is no particular limitation on the method for forming
the planarizing insulating layer, and any of the following can
be used, which depends on a material thereof: a method such
as a sputtering method, an SOG method, spin coating, dip-
ping, spray coating, or a droplet discharging method (e.g., an
ink-jet method, screen printing, or offset printing); a tool such
as doctor knife, roll coater, curtain coater, or knife coater; or
the like.

When residual moisture in the atmosphere is removed as
described above at the time of the formation of the oxide
semiconductor film, the concentration of hydrogen or hydride
in the oxide semiconductor film can be reduced. Thus, the
oxide semiconductor film can be stabilized.

The capacitor in the voltage regulator circuit according to
an embodiment of the present invention can be formed
through the same steps as the transistor in this embodiment.
When the transistor and the capacitor are formed through the
same steps, the number of steps can be reduced.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 5

In this embodiment, another example of a thin film tran-
sistor which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described. The same portions as those in Embodiment 4 and
portions having functions similar to those of the portions in
Embodiment 4 and steps similar to those in Embodiment 4
may be handled as in Embodiment 4, and repeated description
is omitted. In addition, detailed description of the same por-
tions is also omitted.

In this embodiment, an embodiment of a transistor and a
manufacturing method ofthe transistor will be described with
reference to FIGS. 7A and 7B and FIGS. 8A to 8E.
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FIGS.7A and 7B illustrate an example of a planar structure
and an example of a cross-sectional structure of a transistor. A
transistor 460 illustrated in FIGS. 7A and 7B is one of top gate
thin film transistors.

FIG. 7A is a plan view of the transistor 460 having a
top-gate structure and FIG. 7B is a cross-sectional view taken
along D1-D2 in FIG. 7A.

The transistor 460 includes, over a substrate 450 having an
insulating surface, an insulating layer 457, a source or drain
electrode layer 465a (46541 and 46542), an oxide semicon-
ductor layer 462, a source or drain electrode layer 4655, a
wiring layer 468, a gate insulating layer 452, and a gate
electrode layer 461 (461a and 4615). The source or drain
electrode layer 465a (465a1 and 46542) is electrically con-
nected to a wiring layer 464 through the wiring layer 468.
Although not illustrated, the source or drain electrode layer
465b is electrically connected to a different wiring layer
through an opening formed in the gate insulating layer 452.

A manufacturing process of the transistor 460 over the
substrate 450 having an insulating surface is described below
with reference to FIGS. 8A to 8E.

First, the insulating layer 457 which serves as a base film is
formed over the substrate 450 having an insulating surface.

In this embodiment, a silicon oxide layer is formed as the
insulating layer 457 with a sputtering method. The substrate
450 is transferred to a treatment chamber and a high-purity
sputtering gas from which hydrogen and moisture are
removed and which contains oxygen is introduced, and a
silicon oxide layer is formed as the insulating layer 457 over
the substrate 450 with the use of a silicon target or a quartz
(preferably synthetic quartz). As a sputtering gas, oxygenor a
mixed gas of oxygen and argon is used.

For example, a silicon oxide film is formed with an RF
sputtering method under the following conditions: quartz
(preferably, synthetic quartz) with a purity of 6N is used as a
target; the substrate temperature is 108° C.; the distance
between the target and the substrate (T-S distance) is 60 mm;
the pressure is 0.4 Pa; the high-frequency power source is 1.5
kW; and an oxygen and argon atmosphere (the flow ratio of
oxygento argonis 1:1 (each flow rate is 25 sccm)) isused. The
film thickness thereof is 100 nm. Note that instead of quartz
(preferably, synthetic quartz), a silicon target can be used as
the target for forming the silicon oxide film.

In that case, the insulating layer 457 is preferably formed
removing moisture remaining in the treatment chamber. This
is for preventing hydrogen, a hydroxyl group, or moisture
from being contained in the insulating layer 457. In the film
formation chamber which is evacuated with a cryopump, for
example, a hydrogen atom, a compound containing a hydro-
gen atom, such as water (H,0), or the like is removed,
whereby the concentration of an impurity contained in the
insulating layer 457 formed in the film formation chamber
can be reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
insulating layer 457 is formed.

Further, the insulating layer 457 may have a stacked struc-
ture in which for example, a nitride insulating layer such as a
silicon nitride layer, a silicon nitride oxide layer, an aluminum
nitride layer, or an aluminum nitride oxide layer and the oxide
insulating layer are stacked in this order from the substrate
450 side.

For example, a high-purity sputtering gas from which
hydrogen and moisture are removed and which contains
nitrogen is introduced and a silicon target is used, whereby a
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silicon nitride layer is formed over a substrate, and after that,
a silicon oxide layer is deposited. Also in this case, the silicon
nitride layer is preferably formed removing moisture remain-
ing in a treatment chamber, similarly to the silicon oxide
layer.

Next, a conductive film is formed over the insulating layer
457. A resist mask is formed over the conductive film through
a first photolithography step. The conductive film is selec-
tively etched, so that the source or drain electrode layer 46541
and the source or drain electrode layer 46542 are formed.
Then, the resist mask is removed (see FIG. 8A). It seems in
cross section as if the source or drain electrode layers 465a1
and 46542 are divided; however, the source or drain electrode
layers 465a1 and 46542 are a continuous layer. Note that it is
preferable that an end portion of the formed source electrode
layer and drain electrode layer be tapered because coverage
with the gate insulating layer stacked thereover is improved.

As a material of the source or drain electrode layer 46541
and the source or drain electrode layer 46542, there are an
element selected from Al, Cr, Cu, Ta, Ti, Mo, and W, an alloy
including any of the above elements as its component, an
alloy film including a combination of any of the above ele-
ments, and the like. Alternatively, one or more materials
selected from manganese, magnesium, zirconium, beryllium,
and yttrium may be used. The conductive film may have a
single-layer structure or a stacked structure of two or more
layers. For example, a single-layer structure of an aluminum
film including silicon, a two-layer structure in which a tita-
nium film is stacked over an aluminum film, a three-layer
structure in which a titanium film, an aluminum film, and a
titanium film are stacked in this order, and the like can be
given. Alternatively, a film, an alloy film, or a nitride film
which contains aluminum (Al) and one or a plurality of ele-
ments selected from titanium (T1), tantalum (Ta), tungsten
(W), molybdenum (Mo), chromium (Cr), neodymium (Nd),
and scandium (Sc) may be used.

In this embodiment, as the source or drain electrode layer
46541 and the source or drain electrode layer 46542, a tita-
nium film having a thickness of 150 nm is formed with a
sputtering method.

Next, an oxide semiconductor film having a thickness of 2
nm to 200 nm inclusive is formed over the insulating layer
457.

Next, the oxide semiconductor film is processed into the
island-shaped oxide semiconductor layer 462 through a sec-
ond photolithography step (see FIG. 8B). In this embodiment,
the oxide semiconductor film is formed with a sputtering
method with the use of an In—Ga—Zn—O based metal
oxide target.

The substrate is held in a treatment chamber kept under
reduced pressure, a sputtering gas from which hydrogen and
moisture are removed is introduced into the treatment cham-
ber from which remaining moisture is being removed, and the
oxide semiconductor film is formed over the substrate 450
with the use of a metal oxide as a target. In order to remove
moisture remaining in the treatment chamber, an entrapment
vacuum pump is preferably used. For example, a cryopump,
an ion pump, or a titanium sublimation pump is preferably
used. Further, an evacuation unit may be a turbo pump pro-
vided with a cold trap. In the film formation chamber which is
evacuated with the cryopump, for example, a hydrogen atom,
a compound containing a hydrogen atom, such as water
(H,0O), (more preferably, also a compound containing a car-
bon atom), and the like are removed, whereby the concentra-
tion of an impurity contained in the oxide semiconductor film



US 9,236,402 B2

27

formed in the film formation chamber can be reduced. The
substrate may be heated when the oxide semiconductor film is
formed.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide semiconductor film is formed.

As an example of film formation conditions, the following
conditions are employed: the substrate temperature is room
temperature; the distance between the substrate and the target
is 60 mm, the pressure is 0.4 Pa, the direct current (DC) power
source is 0.5 kW, and an oxygen and argon atmosphere (the
flow ratio of oxygen to argon is 15 sccm:30 scem=1:2) is
used. It is preferable that a pulsed direct-current (DC) power
source be used because powder substances generated in film
formation can be reduced and the film thickness can be uni-
form. The oxide semiconductor film preferably has a thick-
ness of 5 nm to 30 nm inclusive. Note that there is a difference
in an appropriate thickness, which depends on an oxide semi-
conductor material, and the thickness may be set as appropri-
ate in a manner which depends on the material.

In this embodiment, the oxide semiconductor film is pro-
cessed into the island-shaped oxide semiconductor layer 462
with a wet etching method with a mixed solution of phospho-
ric acid, acetic acid, and nitric acid as an etchant.

In this embodiment, the oxide semiconductor layer 462 is
subjected to first heat treatment. The temperature of the first
heat treatment is higher than or equal to 400° C. and lower
than or equal to 750° C., preferably, higher than or equal to
400° C. and lower than the strain point of the substrate. Here,
the substrate is introduced in an electric furnace which is a
kind of heat treatment apparatus and heat treatment is per-
formed on the oxide semiconductor layer under a nitrogen
atmosphere at 450° C. for one hour, and then water and
hydrogen are prevented from entering the oxide semiconduc-
tor layer. In this manner, the oxide semiconductor layer is
obtained. Through the first heat treatment, dehydration or
dehydrogenation of the oxide semiconductor layer 462 can be
performed.

Note that the heat treatment apparatus is not limited to an
electric furnace, and may have a device for heating an object
to be processed by heat conduction or heat radiation from a
heater such as a resistance heater. For example, an RTA (rapid
thermal anneal) apparatus such as a GRTA (gas rapid thermal
anneal) apparatus or an LRTA (lamp rapid thermal anneal)
apparatus can be used. For example, as the first heat treat-
ment, GRTA may be performed as follows. The substrate is
transferred and put in an inert gas which has been heated to a
high temperature of 650° C. to 700° C., heated for several
minutes, and transferred and taken out of the inert gas which
has been heated to a high temperature. GRTA enables a high-
temperature heat treatment for a short time.

Note that in the first heat treatment, it is preferable that
water, hydrogen, and the like be not contained in nitrogen or
a rare gas such as helium, neon, or argon. In addition, the
purity of nitrogen or a rare gas such as helium, neon, or argon,
which is introduced into the heat treatment apparatus, is pref-
erably 6N (99.9999%) or more, more preferably, 7N
(99.99999%) or more (i.e., impurity concentration is prefer-
ably 1 ppm or lower, more preferably, 0.1 ppm or lower).

The oxide semiconductor layer 462 becomes a microcrys-
talline layer or a polycrystalline layer by crystallization in
some cases in a manner which depends on a condition of the
first heat treatment or a material of the oxide semiconductor
film.
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In addition, the first heat treatment can also be performed
on the oxide semiconductor film before being processed into
the island-shaped oxide semiconductor layer. In that case, the
substrate is taken out from the heat apparatus after the first
heat treatment, and then a photolithography step is per-
formed.

The heat treatment having an effect of dehydration or dehy-
drogenation with respect to the oxide semiconductor layer
may be performed at any of the following timings: after the
oxide semiconductor layer is formed; after a source electrode
and a drain electrode are formed over the oxide semiconduc-
tor layer; and after a gate insulating layer is formed over the
source electrode and the drain electrode.

Next, a conductive film is formed over the insulating layer
457 and the oxide semiconductor layer 462. A resist mask is
formed over the conductive film through a third photolithog-
raphy step. The conductive film is selectively etched, so that
the source or drain electrode layer 4655 and the wiring layer
468 are formed. Then, the resist mask is removed (see FIG.
8C). The source or drain electrode layer 4565 and the wiring
layer 468 may be formed using a material and a process
similar to those of the source or drain electrode layers 465a1
and 465a42.

In this embodiment, as a conductive film for forming the
source or drain electrode layer 46556 and the wiring layer 468,
a titanium film having a thickness of 150 nm is formed with a
sputtering method. In this embodiment, the same titanium
film is used for the source or drain electrode layers 465a1 and
46542 and the source or drain electrode layer 4654, so that the
etching rate of the source or drain electrode layers 465a1 and
46542 is the same or substantially the same as that of the
source or drain electrode layer 4655. Therefore, the wiring
layer 468 is provided over a portion of the source or drain
electrode layer 46542, which is not covered with the oxide
semiconductor layer 462, to prevent the source or drain elec-
trode layers 465a1 and 46542 from being etched when the
source or drain electrode layer 4655 is etched. In the case
where different materials are used which provide high selec-
tivity ratio of the source or drain electrode layer 4655 to the
source or drain electrode layers 46541 and 46542 in the
etching step, the wiring layer 468 which protects the source or
drain electrode layer 46542 in etching is not necessarily pro-
vided.

Note that materials and etching conditions of the conduc-
tive film and the oxide semiconductor film are adjusted as
appropriate so that the oxide semiconductor layer 462 is not
removed when the conductive film is etched.

In this embodiment, a titanium film is used as the conduc-
tive film, an In—Ga—Z7n—0-based oxide semiconductor is
used as the oxide semiconductor layer 462, and an ammonia
hydrogen peroxide solution (a mixture of ammonia, water,
and a hydrogen peroxide solution) is used as an etchant.

In the third photolithography step, only part of the oxide
semiconductor layer 462 may be etched off, whereby an
oxide semiconductor layer having a groove (a depressed por-
tion) might be formed. In addition, the resist mask for forming
the source or drain electrode layer 4655 and the wiring layer
468 may be formed with an ink-jet method. A photomask is
not used when the resist mask is formed with an ink-jet
method, which results in reducing manufacturing costs.

Next, the gate insulating layer 452 is formed over the
insulating layer 457, the oxide semiconductor layer 462, the
source or drain electrode layer 46541, the source or drain
electrode layer 46542, and the source or drain electrode layer
4655.

The gate insulating layer 452 can be formed with a single-
layer structure or a stacked structure using one or more of a
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silicon oxide layer, a silicon nitride layer, a silicon oxynitride
layer, asilicon nitride oxide layer, or an aluminum oxide layer
with a plasma CVD method, a sputtering method, or the like.
Note that the gate insulating layer 452 is preferably formed
with a sputtering method so that the gate insulating layer 452
contains hydrogen as little as possible. In the case where a
silicon oxide film is formed with a sputtering method, a
silicon target or a quartz target is used as the target, and
oxygen or a mixed gas of oxygen and argon is used as the
sputtering gas.

In addition, as the gate insulating layer 452, HfO_ (x>0) or
the like can also be used, for example. With the use of HfO, or
the like as the gate insulating layer 452, leakage current that
flows from the oxide semiconductor layer side toward the gate
electrode can be reduced.

Alternatively, the gate insulating layer 452 can have a
structure in which a silicon oxide layer and a silicon nitride
layer are stacked from the side of the source or drain electrode
layers 465a1 and 46542 and the source or drain electrode
layer 4655. In this embodiment, a silicon oxide layer having
a thickness of 100 nm is formed with an RF sputtering
method, in which the pressure is 0.4 Pa, the high-frequency
power source is 1.5 kW, and an oxygen and argon atmosphere
(the flow ratio of oxygen to argon is 1:1 (each flow rate is 25
sccm)) is used.

Next, a resist mask is formed through a fourth photolithog-
raphy step. The resist mask is formed and selective etching is
performed to remove part of the gate insulating layer 452, so
that an opening 423 reaching the wiring layer 468 is formed
(see FI1G. 8D). Although not illustrated, at the time of forming
the opening 423, an opening reaching the source or drain
electrode layer 4656 may be formed. In this embodiment, the
opening reaching the source or drain electrode layer 4655 is
formed after an interlayer insulating layer is further stacked,
and a wiring layer for electrical connection is formed in the
opening.

Next, after a conductive film is formed over the gate insu-
lating layer 452 and the opening 423, the gate electrode layers
461 (461a and 4615) and the wiring layer 464 are formed
through a fifth photolithography step. Note that a resist mask
may be formed with an ink-jet method. A photomask is not
used when the resist mask is formed with an ink-jet method,
which results in reducing manufacturing costs.

A conductive film for forming the gate electrode layers 461
(461a and 4615) and the wiring layer 464 can be formed to
have a single-layer or a stacked structure using a metal mate-
rial such as molybdenum, titanium, chromium, tantalum,
tungsten, aluminum, copper, neodymium, or scandium, or an
alloy material including any of these materials as its main
component.

In this embodiment, as a conductive film for forming the
gate electrode layers 461 (461a and 4615) and the wiring
layer 464, a titanium film having a thickness of 150 nm is
formed with a sputtering method.

Next, second heat treatment (preferably, at 200° C. to 400°
C. inclusive, e.g., 250° C. to 350° C. inclusive) is performed
under an inert gas atmosphere or an oxygen gas atmosphere.
Inthis embodiment, the second heat treatment is performed at
250° C. for one hourunder a nitrogen atmosphere. The second
heat treatment may be performed after a protective insulating
layer or a planarization insulating layer is formed over the
transistor 460.

Furthermore, heat treatment may be performed at 100° C.
to 200° C. inclusive for one hour to 30 hours inclusive in an air
atmosphere. This heat treatment may be performed at a fixed
heating temperature. Alternatively, the following change in
the heating temperature may be performed plural times
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repeatedly: the heating temperature is increased from room
temperature to a temperature of 100° C. to 200° C. inclusive
and then decreased to room temperature. This heat treatment
may be performed before the formation of the oxide insulat-
ing layer under a reduced pressure. Under the reduced pres-
sure, the heat treatment time can be shortened.

Through the above-described process, the transistor 460
including the oxide semiconductor layer 462 in which the
concentration of hydrogen, moisture, hydride, or hydroxide is
reduced can be formed (see FIG. 8E).

In addition, a protective insulating layer or a planarizing
insulating layer for planarization may be provided over the
transistor 460. Although not illustrated, an opening reaching
the source or drain electrode layer 4655 is formed in the gate
insulating layer 452 and the protective insulating layer and/or
the planarization insulating layer, and a wiring layer which is
electrically connected to the source or drain electrode layer
4655 is formed in the opening.

When residual moisture in the atmosphere is removed as
described above at the time of the formation of the oxide
semiconductor film, the concentration of hydrogen or hydride
in the oxide semiconductor film can be reduced. Thus, the
oxide semiconductor film can be stabilized.

The capacitor in the voltage regulator circuit according to
an embodiment of the present invention can be formed
through the same steps as the transistor in this embodiment.
When the transistor and the capacitor are formed through the
same steps, the number of steps can be reduced.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before. Further, when the voltage
regulator circuit according to an embodiment of the present
invention is formed with the use of the transistor, the voltage
regulator circuit can have stable electric characteristics and
high reliability.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 6

In this embodiment, another example of a thin film tran-
sistor which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described. The same portions as those in Embodiment 4 or 5
and portions having functions similar to those of the portions
in 4 or 5 and steps similar to those in Embodiment 4 or 5 may
be handled as in Embodiment 4 or 5, and repeated description
is omitted. In addition, detailed description of the same por-
tions is also omitted. Each of transistors 425 and 426
described in this embodiment can be used as the thin film
transistor included in the voltage regulator circuit in any of
Embodiments 1 to 3.

The thin film transistor of this embodiment will be
described with reference to FIGS. 9A and 9B.

FIGS. 9A and 9B illustrate examples of cross-sectional
structures of the thin film transistors. The transistors 425 and
426 in FIGS. 9A and 9B are each one of thin film transistors
where an oxide semiconductor layer is sandwiched between a
conductive layer and a gate electrode layer.

In addition, in FIGS. 9A and 9B, a silicon substrate is used
as a substrate and each of the transistors 425 and 426 is
provided over an insulating layer 422 which is formed over a
silicon substrate 420.



US 9,236,402 B2

31

In FIG. 9A, a conductive layer 427 is formed between the
insulating layer 422 and an insulating layer 407 over the
silicon substrate 420 so as to overlap with at least the whole
oxide semiconductor layer 412.

Note that FIG. 9B illustrates an example where the con-
ductive layer between the insulating layer 422 and the insu-
lating layer 407 is processed like a conductive layer 424 by
etching and overlaps with part of the oxide semiconductor
layer 412, which includes at least a channel formation region.

The conductive layers 427 and 424 may be metal materials
which can withstand a temperature of heat treatment per-
formed in a subsequent step, and can be formed using an
element selected from titanium (Ti), tantalum (Ta), tungsten
(W), molybdenum (Mo), chromium (Cr), neodymium (Nd),
and scandium (Sc), an alloy including any of the above ele-
ments as its component, an alloy film including a combination
of any of the above elements, a nitride including any of the
above elements as its component, or the like. Further, the
conductive layers 427 and 424 may each have either a single-
layer structure or a stacked structure, and for example, a
single layer of a tungsten layer or a stack of a tungsten nitride
layer and a tungsten layer can be used.

The conductive layers 427 and 424 may have the same
potential as or have potential different from that of gate elec-
trode layers 411 of the transistors 425 and 426 and can each
function as a second gate electrode layer. The potential of the
conductive layers 427 and 424 may be a fixed potential such
asGNDor0OV.

Electric characteristics of the transistors 425 and 426 can
be controlled by the conductive layers 427 and 424.

This embodiment is not limited to the structure in which the
second gate electrode layer is formed by providing the con-
ductive layer. For example, when a semiconductor substrate
is used as the substrate, the substrate is subjected to thermal
oxidation to form a region in the substrate, and the region can
also function as the second gate electrode layer.

The capacitor in the voltage regulator circuit according to
an embodiment of the present invention can be formed
through the same steps as the transistor in this embodiment.
When the transistor and the capacitor are formed through the
same steps, the number of steps can be reduced.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before. Further, when the voltage
regulator circuit according to an embodiment of the present
invention is formed with the use of the transistor, the voltage
regulator circuit can have stable electric characteristics and
high reliability.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 7

In this embodiment, another example of a thin film tran-
sistor which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described.

Inthis embodiment, an embodiment of a thin film transistor
and a manufacturing method of the thin film transistor will be
described with reference to FIGS. 10A to 10E.

FIGS.10A to 10E illustrate an example of a manufacturing
method of a thin film transistor. A transistor 390 illustrated in
FIGS. 10A to 10E is one of bottom-gate structures and is also
referred to as an inverted staggered thin film transistor.
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Although the transistor 390 is a single-gate transistor, a
multi-gate transistor including a plurality of channel forma-
tion regions may be formed as the transistor of this embodi-
ment.

A manufacturing process of the transistor 390 over a sub-
strate 394 having an insulating surface is described below
with reference to FIGS. 10A to 10E.

First, after a conductive film is formed over the substrate
394 having an insulating surface, a gate electrode layer 391 is
formed through a first photolithography step. It is preferable
that an end portion of the formed gate electrode layer be
tapered because coverage with the gate insulating layer
stacked thereover is improved. Note that a resist mask may be
formed with an ink-jet method. A photomask is not used when
the resist mask is formed with an ink-jet method, which
results in reducing manufacturing costs.

Although there is no particular limitation on a substrate
which can be used for the substrate 394 having an insulating
surface, it is necessary that the substrate have at least enough
heat resistance to heat treatment in a subsequent step. For
example, as the substrate 394, a glass substrate of barium
borosilicate glass, aluminoborosilicate glass, or the like can
be used.

As the glass substrate, a substrate having a strain point of
730° C. or higher may be used when the temperature of the
heat treatment in a subsequent step is high. As a material of
the glass substrate, a glass material such as aluminosilicate
glass, aluminoborosilicate glass, or barium borosilicate glass
is used, for example. Note that by containing a larger amount
of barium oxide (BaO) than boron oxide (B,0;), a glass
substrate is heat-resistant and of more practical use. There-
fore, a glass substrate containing a larger amount of BaO than
B,0; is preferably used.

Note that a substrate formed using an insulator, such as a
ceramic substrate, a quartz substrate, or a sapphire substrate,
may beused as the substrate 394 instead of the glass substrate.
Crystallized glass or the like may be used as well. Alterna-
tively, a plastic substrate or the like can be used as appropri-
ate. Further alternatively, as the substrate, a semiconductor
substrate of silicon or the like can be used.

Further, an insulating film serving as a base film may be
provided between the substrate 394 and the gate electrode
layer 391. The base film has a function of preventing diffusion
of an impurity element from the substrate 394, and can be
formed with a single-layer structure or a stacked structure
using one or more of a silicon nitride film, a silicon oxide film,
a silicon nitride oxide film, and a silicon oxynitride film.

A conductive film for forming the gate electrode layer 391
can be formed to have a single-layer or a stacked structure
using a metal material such as molybdenum, titanium, chro-
mium, tantalum, tungsten, aluminum, copper, neodymium, or
scandium, or an alloy material including any of these mate-
rials as its main component.

For example, as a two-layer structure of the gate electrode
layer 391, the following structures are preferable: a two-layer
structure of an aluminum layer and a molybdenum layer
stacked thereover, a two-layer structure of a copper layer and
a molybdenum layer stacked thereover, a two-layer structure
of a copper layer and a titanium nitride layer or a tantalum
nitride layer stacked thereover, a two-layer structure of a
titanium nitride layer and a molybdenum layer, and a two-
layer structure of a tungsten nitride layer and a tungsten layer.
As a three-layer structure, a stacked structure of a tungsten
layer or a tungsten nitride layer, a layer of an alloy of alumi-
num and silicon or an alloy of aluminum and titanium, and a
titanium nitride layer or a titanium layer is preferable. Note
that the gate electrode layer can also be formed using a light-
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transmitting conductive film. As an example of a material of
the light-transmitting conductive film, a light-transmitting
conductive oxide or the like can be given.

Next, a gate insulating layer 397 is formed over the gate
electrode layer 391.

An oxide semiconductor (a highly purified oxide semicon-
ductor) which is made to be i-type or substantially i-type by
removal of an impurity is highly sensitive to an interface state
and interface electric charge; thus, an interface between the
oxide semiconductor and a gate insulating layer is important.
Therefore, the gate insulating layer (GI) which is in contact
with the highly purified oxide semiconductor layer needs
high quality.

For example, high-density plasma CVD using microwaves
(2.45 GHz) is preferable because a dense high-quality insu-
lating film having high breakdown voltage can be formed.
This is because when the highly purified oxide semiconductor
layer is closely in contact with the high-quality gate insulat-
ing layer, the interface state can be reduced and interface
properties can be favorable. Here, as a high-density plasma
apparatus, an apparatus which can realize a plasma density of
greater than or equal to 1x10*!/cm® can be used.

For example, plasma is generated by applying a microwave
power of 3 kW to 6 kW so that the insulating film is formed.
A monosilane gas (SiH,), nitrous oxide (N,0), and a rare gas
are introduced into a chamber as a source gas to generate
high-density plasma at a pressure of 10 Pa to 30 Pa so that the
insulating film is formed over a substrate having an insulating
surface, such as a glass substrate. After that, the supply of a
monosilane gas is stopped, and nitrous oxide (N,O) and a rare
gas are introduced without exposure to the air, so that a
surface of the insulating film is subjected to plasma treatment.
The plasma treatment performed on the surface of the insu-
lating film by introducing nitrous oxide (N,O) and a rare gas
is performed at least after the insulating film is formed. The
flow ratio of a monosilane gas (SiH,) to nitrous oxide (N,O)
which are introduced into the chamber is in the range of 1:10
to 1:200. In addition, as a rare gas which is introduced into the
chamber, helium, argon, krypton, xenon, or the like can be
used. In particular, argon, which is inexpensive, is preferably
used.

Needless to say, a different film formation method such as
a sputtering method or a plasma CVD method can be used as
long as a high-quality insulating film can be formed as the
gate insulating layer 397. In addition, any insulating film can
be used as long as film quality and properties of an interface
with an oxide semiconductor of the gate insulating film are
modified by heat treatment performed after film formation. In
any case, any insulating film can be used as long as film
quality as a gate insulating film is high, interface state density
with an oxide semiconductor is reduced, and a favorable
interface can be formed.

In a gate-bias thermal stress test (BT test) at 85° C. and
2x10° V/em for 12 hours, if an impurity has been added to an
oxide semiconductor, the bond between the impurity and the
main component of the oxide semiconductor is broken by a
high electric field (B: bias) and high temperature (T: tempera-
ture), so that a generated dangling bond induces a drift in the
threshold voltage (V,;,). As a countermeasure against this, in
the transistor which is an embodiment of the present inven-
tion, the impurity in the oxide semiconductor, especially,
hydrogen, water, or the like is removed as much as possible so
that the properties of an interface with the gate insulating
layer are favorable as described above. Accordingly, it is
possible to obtain a thin film transistor which is stable with
respect to the BT test.
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In addition, the gate insulating layer 397 can be formed
with a single-layer structure or a stacked structure using one
or more of a silicon oxide layer, a silicon nitride layer, a
silicon oxynitride layer, a silicon nitride oxide layer, or an
aluminum oxide layer.

In addition, as the gate insulating layer 397, HfO, (x>0) or
the like can also be used, for example. With theuse of HfO, or
the like as the gate insulating layer 397, leakage current that
flows from the oxide semiconductor layer side toward the gate
electrode can be reduced.

The gate insulating layer 397 can have a structure in which
a silicon oxide layer and a silicon nitride layer are stacked. In
this embodiment, a silicon oxynitride layer having a thickness
01100 nm is formed with a high-density plasma CVD method
with a pressure of 30 Pa and a microwave power of 6 kW, for
example. At this time, the flow ratio of a monosilane gas
(SiH,) to nitrous oxide (N,O) which are introduced into the
chamber is 1:10.

Further, in order that hydrogen, a hydroxyl group, and
moisture might be contained in the gate insulating layer 397
and an oxide semiconductor film 393 as little as possible, it is
preferable that the substrate 394 over which the gate electrode
layer 391 is formed or the substrate 394 over which layers up
to the gate insulating layer 397 are formed be preheated in a
preheating chamber of a sputtering apparatus as pretreatment
for film formation so that impurities such as hydrogen and
moisture adsorbed to the substrate 394 are eliminated and
exhaustion is performed. The temperature for the preheating
is 100° C. to 400° C. inclusive, preferably, 150° C. to 300° C.
inclusive. Note that a cryopump is preferable as an evacuation
unit provided in the preheating chamber. Note that this pre-
heating treatment may be omitted. Further, this preheating
may be similarly performed on the substrate 394 over which
layers up to a source or drain electrode layer 395a¢ and a
source or drain electrode layer 3955 have been formed, before
formation of the oxide insulating layer 396.

Next, the oxide semiconductor film 393 with a thickness of
2 nm to 200 nm inclusive is formed over the gate insulating
layer 397 (see FIG. 10A).

Note that before the oxide semiconductor film 393 is
formed with a sputtering method, dust on a surface of the gate
insulating layer 397 is preferably removed by reverse sput-
tering in which an argon gas is introduced and plasma is
generated.

The oxide semiconductor film 393 is formed with a sput-
tering method. As the oxide semiconductor film, any of the

following oxide semiconductor films can be applied: an
In—Ga—Z7Zn—0O-based oxide semiconductor film; an
In—Sn—Z7n—0O-based oxide semiconductor film; an
In—Al—7Zn—O-based oxide semiconductor film; a
Sn—Ga—Zn—0O-based oxide semiconductor film; an
Al—Ga—Zn—0O-based oxide semiconductor film; an
Sn—Al—Zn—O-based oxide semiconductor film; an

In—Z7n—0-based oxide semiconductor film; a Sn—Zn—O-
based oxide semiconductor film; an Al—Zn—O-based oxide
semiconductor film; an In—O-based oxide semiconductor
film; an In—Sn—O-based oxide semiconductor film; a
Sn—O-based oxide semiconductor film; and a Zn—O-based
oxide semiconductor film. In this embodiment, the oxide
semiconductor film 393 is formed with a sputtering method
with the use of an In—Ga—7n—O0 based metal oxide target.
Alternatively, the oxide semiconductor film 393 can be
formed with a sputtering method under a rare gas (typically,
argon) atmosphere, an oxygen atmosphere, or an atmosphere
of'a rare gas (typically, argon) and oxygen. In the case where
a sputtering method is employed, a film may be formed with
a target including SiO, at 2 wt % to 10 wt % inclusive.
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As a target for forming the oxide semiconductor film 393
with a sputtering method, a metal oxide target containing zinc
oxide as its main component can be used. As another example
of the metal oxide target, for example, a metal oxide target
with a composition ratio of In,0;:Ga,0,:Zn0O=1:1:1 (molar
ratio) can be used. Without limitation to the above target, for
example, a metal oxide target with a composition ratio of
In,0,:Ga,0,:Zn0=1:1:2 (molar ratio) may be used. The fill-
ing factor of the metal oxide target to be manufactured is 90%
to 100% inclusive, preferably, 95% to 99.9% inclusive. With
the use of a metal oxide target with high filling factor, the
formed oxide semiconductor film has high density.

The substrate is held in a treatment chamber kept under
reduced pressure, and the substrate is heated to room tem-
perature or a temperature of less than 400° C. Then, a sput-
tering gas from which hydrogen and moisture are removed is
introduced into the treatment chamber from which remaining
moisture is being removed, and the oxide semiconductor film
393 is formed over the substrate 394 with the use of a metal
oxide as a target. In order to remove moisture remaining in the
treatment chamber, an entrapment vacuum pump is prefer-
ably used. For example, a cryopump, an ion pump, or a
titanium sublimation pump is preferably used. Further, an
evacuation unit may be a turbo pump provided with a cold
trap. In the film formation chamber which is evacuated with
the cryopump, for example, a hydrogen atom, a compound
containing a hydrogen atom, such as water (H,0), (more
preferably, also a compound containing a carbon atom), and
the like are removed, whereby the concentration of an impu-
rity contained in the oxide semiconductor film formed in the
film formation chamber can be reduced. By performing film
formation by sputtering while removing moisture remaining
in the treatment chamber using a cryopump, a substrate tem-
perature when the oxide semiconductor film 393 is formed
can be greater than or equal to room temperature and less than
400° C.

As an example of film formation conditions, the following
conditions are employed: the distance between the substrate
and the target is 60 mm, the pressure is 0.6 Pa, the direct
current (DC) power source is 0.5 kW, and an oxygen atmo-
sphere (the proportion of the oxygen flow is 100%) is used. It
is preferable that a pulsed direct-current (DC) power source
be used because powder substances generated in film forma-
tion can be reduced and the film thickness can be uniform.
The oxide semiconductor film preferably has a thickness of 5
nm to 30 nm inclusive. Note that there is a difference in an
appropriate thickness, which depends on an oxide semicon-
ductor material, and the thickness may be set as appropriate in
a manner which depends on the material.

Next, the oxide semiconductor film is processed into an
island-shaped oxide semiconductor layer 399 through a sec-
ond photolithography step (see FIG. 10B). Further, a resist
mask for forming the island-shaped oxide semiconductor
layer 399 may be formed with an ink-jet method. A photo-
mask is not used when the resist mask is formed with an
ink-jet method, which results in reducing manufacturing
costs.

In the case where a contact hole is formed in the gate
insulating layer 397, the step can be performed at the time of
formation of the oxide semiconductor layer 399.

For the etching of the oxide semiconductor film 393, wet
etching, dry etching, or both of them may be employed.

As the etching gas for dry etching, a gas containing chlo-
rine (chlorine-based gas such as chlorine (Cl,), boron chlo-
ride (BCl,), silicon chloride (SiCl,), or carbon tetrachloride
(CCly)) is preferably used.
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Alternatively, a gas containing fluorine (fluorine-based gas
such as carbon tetrafluoride (CF,), sulfur fluoride (SFy),
nitrogen fluoride (NF;), or trifluoromethane (CHF;)); hydro-
gen bromide (HBr); oxygen (O,); any of these gases to which
a rare gas such as helium (He) or argon (Ar) is added; or the
like can be used.

As the dry etching method, a parallel plate RIE (reactive
ion etching) method or an ICP (inductively coupled plasma)
etching method can be used. In order to etch the film into a
desired shape, the etching condition (the amount of electric
power applied to a coil-shaped electrode, the amount of elec-
tric power applied to an electrode on a substrate side, the
temperature of the electrode on the substrate side, or the like)
is adjusted as appropriate.

As an etchant used for wet etching, a mixed solution of
phosphoric acid, acetic acid, and nitric acid, or the like can be
used. In addition, ITOO7N (produced by Kanto Chemical
Co., Inc.) may also be used.

Furthermore, the etchant after the wet etching is removed
together with the etched material by cleaning. The waste
liquid of the etchant including the material etched off may be
purified and the material may be reused. When a material such
as indium included in the oxide semiconductor layer is col-
lected from the waste liquid after the etching and reused, the
resources can be efficiently used and the cost can be reduced.

The etching conditions (such as an etchant, etching time,
and temperature), which depend on the material, are adjusted
as appropriate so that the material can be etched into a desired
shape.

Note that reverse sputtering is preferably performed before
formation of a conductive film in a subsequent step, so thata
resist residue attached to surfaces of the oxide semiconductor
layer 399 and the gate insulating layer 397 is removed.

Next, a conductive film is formed over the gate insulating
layer 397 and the oxide semiconductor layer 399. The con-
ductive film may be formed with a sputtering method or a
vacuum evaporation method. As a material of the conductive
film, there are an element selected from Al, Cr, Cu, Ta, Ti, Mo,
and W, an alloy including any of the above elements as its
component, an alloy film including a combination of any of
the above elements, and the like. Alternatively, one or more
materials selected from manganese, magnesium, zirconium,
beryllium, and yttrium may be used. The conductive film may
have a single-layer structure or a stacked structure of two or
more layers. For example, a single-layer structure of an alu-
minum film including silicon, a two-layer structure in which
atitanium film is stacked over an aluminum film, a three-layer
structure in which a titanium film, an aluminum film, and a
titanium film are stacked in this order, and the like can be
given. Alternatively, a film, an alloy film, or a nitride film
which contains aluminum (Al) and one or a plurality of ele-
ments selected from titanium (T1), tantalum (Ta), tungsten
(W), molybdenum (Mo), chromium (Cr), neodymium (Nd),
and scandium (Sc) may be used.

A resist mask is formed over the conductive film through a
third photolithography step. The conductive film is selec-
tively etched, so that the source or drain electrode layer 395a
and the source or drain electrode layer 3955 are formed. Then,
the resist mask is removed (see FIG. 10C).

Ultraviolet, a KrF laser beam, or an ArF laser beam is used
for light exposure for forming the resist mask in the third
photolithography step. A channel length L of the thin film
transistor to be formed later depends on a width of a distance
between a bottom portion of the source electrode layer and a
bottom portion of the drain electrode layer which are adjacent
to each other over the oxide semiconductor layer 399. Note
that when light exposure is performed in the case where the
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channel length L is shorter than 25 nm, extreme ultraviolet
with extremely short wavelengths of several nanometers to
several tens of nanometers is used for light exposure for
forming the resist mask in the third photolithography step.
Light exposure with extreme ultraviolet leads to a high reso-
Iution and a large depth of focus. Accordingly, the channel
length [ of the thin film transistor to be formed later can be set
to 10 nm to 1000 nm inclusive. Thus, the operation speed of
a circuit can be increased, and further, an off-state current is
significantly small, so that low power consumption can be
achieved.

Note that each material and etching conditions of the con-
ductive film and the oxide semiconductor film are adjusted as
appropriate so that the oxide semiconductor layer 399 is not
removed at the time of etching the conductive film.

In this embodiment, a titanium film is used as the conduc-
tive film, an In—Ga—Zn—0-based oxide semiconductor is
used as the oxide semiconductor layer 399, and an ammonia
hydrogen peroxide solution (a mixture of ammonia, water,
and a hydrogen peroxide solution) is used as an etchant.

In the third photolithography step, only part of the oxide
semiconductor layer 399 may be etched off, whereby an
oxide semiconductor layer having a groove (a depressed por-
tion) might be formed. In addition, the resist mask for forming
the source or drain electrode layer 3954 and the source or
drain electrode layer 3955 may be formed with an ink-jet
method. A photomask is not used when the resist mask is
formed with an ink-jet method, which results in reducing
manufacturing costs.

In order to reduce the number of photomasks and steps in a
photolithography step, etching may be performed with the
use of a resist mask formed using a multi-tone mask which is
alight-exposure mask through which light is transmitted so as
to have a plurality of intensities. Since a resist mask formed
using a multi-tone mask has a plurality of thicknesses and can
be further changed in shape by performing etching, the resist
mask can be used in a plurality of etching steps to provide
different patterns. Therefore, a resist mask corresponding to
at least two kinds of different pattern can be formed by using
one multi-tone mask. Thus, the number of light-exposure
masks can be reduced and the number of corresponding pho-
tolithography steps can also be reduced, whereby simplifica-
tion of a process can be realized.

Plasma treatment using a gas such as N,O, N,, or Ar may
be performed to remove water or the like adsorbed on a
surface ofthe oxide semiconductor layer which is exposed. In
addition, plasma treatment may be performed using a mixed
gas of oxygen and argon.

After the plasma treatment, the oxide insulating layer 396
is formed as an oxide insulating layer which serves as a
protective insulating film in contact with part of the oxide
semiconductor layer (see FIG. 10D). In this embodiment, the
oxide semiconductor layer 399 and the oxide insulating layer
396 are formed in contact with each other in a region where
the oxide semiconductor layer 399 is overlapped with neither
the source or drain electrode layer 395a nor the source or
drain electrode layer 39564.

In this embodiment, as the oxide insulating layer 396, a
silicon oxide layer including defects is formed in the follow-
ing manner: the substrate 394 over which the island-shaped
oxide semiconductor layer 399, the source or drain electrode
layer 3954, and the source or drain electrode layer 3955 are
formed is heated at room temperature or a temperature lower
than 100° C.; a sputtering gas containing high-purity oxygen
from which hydrogen and moisture are removed is intro-
duced; and a silicon semiconductor target is used.
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For example, a silicon oxide film is formed with a pulsed
DC sputtering method, in which a silicon target doped with
boron and having a purity of 6N (resistivity: 0.01 Qm)is used,
the distance between the target and the substrate (T-S dis-
tance) is 89 mm, the pressure is 0.4 Pa, the direct current (DC)
power source is 6 kW, and an oxygen atmosphere (the pro-
portion of the oxygen flow is 100%) is used. The film thick-
ness thereof is 300 nm Note that instead of the silicon target,
quartz (preferably, synthetic quartz) can be used as the target
for forming the silicon oxide film. As the sputtering gas,
oxygen or a mixed gas of oxygen and argon is used.

In that case, the oxide insulating layer 396 is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
layer 399 and the oxide insulating layer 396.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In a film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,O), or the like is removed, whereby the
concentration of an impurity contained in the oxide insulating
layer 396 formed in the film formation chamber can be
reduced.

As the oxide insulating layer 396, instead of the silicon
oxide layer, a silicon oxynitride layer, an aluminum oxide
layer, an aluminum oxynitride layer, or the like can be used as
well.

Further, heat treatment may be performed at 100° C. to
400° C. while the oxide insulating layer 396 and the oxide
semiconductor layer 399 are in contact with each other. Since
the oxide insulating layer 396 in this embodiment has a lot of
defects, with this heat treatment, an impurity such as hydro-
gen, moisture, a hydroxyl group, or hydride contained in the
oxide semiconductor layer 399 can be diffused to the oxide
insulating layer 396 so that the impurity contained in the
oxide semiconductor layer 399 can be further reduced.

Through the above-described process, the transistor 390
including an oxide semiconductor layer 392 in which the
concentration of hydrogen, moisture, hydride, or hydroxide is
reduced can be formed (see FIG. 10E).

When residual moisture in the atmosphere is removed as
described above at the time of the formation of the oxide
semiconductor film, the concentration of hydrogen or hydride
in the oxide semiconductor film can be reduced. Thus, the
oxide semiconductor film can be stabilized.

A protective insulating layer may be provided over the
oxide insulating layer. In this embodiment, a protective insu-
lating layer 398 is formed over the oxide insulating layer 396.
As the protective insulating layer 398, a silicon nitride film, a
silicon nitride oxide film, an aluminum nitride film, an alu-
minum nitride oxide film, or the like is used.

As the protective insulating layer 398, a silicon nitride film
is formed in the following manner: the substrate 394 over
which layers up to the oxide insulating layer 396 are formed
is heated at a temperature of 100° C. to 400° C.; a sputtering
gas containing high-purity nitrogen from which hydrogen
and moisture are removed is introduced; and a silicon semi-
conductor target is used. In this case also, it is preferable that
residual moisture be removed from the treatment chamber in
the formation of the protective insulating layer 398 in a man-
ner similar to that of the oxide insulating layer 396.

In the case where the protective insulating layer 398 is
formed, the substrate 394 is heated at a temperature of 100° C.
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t0 400° C. at the time of formation of the protective insulating
layer 398, whereby hydrogen or moisture included in the
oxide semiconductor layer 399 can be diffused into the oxide
insulating layer 396. In such a case, heat treatment heat treat-
ment is not necessarily performed after formation of the oxide
insulating layer 396.

In the case where the silicon oxide layer as the oxide
insulating layer 396 and a silicon nitride layer as the protec-
tive insulating layer 398 are stacked, the silicon oxide layer
and the silicon nitride layer can be formed in the same treat-
ment chamber using a common silicon target. First, a sput-
tering gas containing oxygen is introduced and a silicon oxide
layer is formed using a silicon target placed inside the treat-
ment chamber, and then the sputtering gas is switched to a
sputtering gas containing nitrogen and a silicon nitride layer
is formed using the same silicon target. Since the silicon oxide
layer and the silicon nitride layer can be formed in succession
without exposure to the air, an impurity such as hydrogen or
moisture can be prevented from being adsorbed on a surface
of' the silicon oxide layer. In this case, after the silicon oxide
layer as the oxide insulating layer 396 and the silicon nitride
layer as the protective insulating layer 398 are stacked, heat
treatment (at a temperature of 100° C. to 400° C.) for diffus-
ing hydrogen or moisture included in the oxide semiconduc-
tor layer into the oxide insulating layer 396 may be per-
formed.

After the protective insulating layer 398 is formed, heat
treatment at 100° C. to 200° C. inclusive for one hour to 30
hours inclusive in an air atmosphere may be further per-
formed. This heat treatment may be performed at a fixed
heating temperature. Alternatively, the following change in
the heating temperature may be performed plural times
repeatedly: the heating temperature is increased from room
temperature to a temperature of 100° C. to 200° C. inclusive
and then decreased to room temperature. This heat treatment
may be performed before the formation of the oxide insulat-
ing layer 396 under a reduced pressure. Under the reduced
pressure, the heat treatment time can be shortened. With this
heat treatment, a normally-off thin film transistor can be
obtained. Thus, reliability of the thin film transistor can be
improved.

When residual moisture in the atmosphere is removed at
the time of the formation of the oxide semiconductor layer, in
which a channel formation region is to be formed, over the
gate insulating layer, the concentration of hydrogen or
hydride in the oxide semiconductor layer can be reduced.

The above steps are performed at 400° C. or lower; there-
fore, the above steps can also be applied to a manufacturing
process in which a glass substrate having a thickness of 1 mm
or less and having a side that is longer than 1 m is used.
Moreover, the whole process can be performed at a treatment
temperature of 400° C. or lower.

FIG. 11 is a longitudinal cross-sectional view of an
inverted staggered thin film transistor including an oxide
semiconductor. An oxide semiconductor layer 1003 is pro-
vided over a gate electrode 1001 with a gate insulating film
1002 interposed therebetween, a source electrode 10044 and
a drain electrode 10045 are provided thereover, an oxide
insulating layer 1005 is provided over the source electrode
10044 and the drain electrode 10045, and a conductive layer
1006 is provided over the oxide semiconductor layer 1003
with the oxide insulating layer 1005 interposed therebetween.

FIGS. 12A and 12B are energy band diagrams (schematic
diagrams) of a cross section along A-A'in FIG. 11. FIG. 12A
illustrates the case where the potential of a voltage applied to
the source is equal to the potential of a voltage applied to the
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drain (V=0 V), and FIG. 12B illustrates the case where a
positive potential with respect to the source is applied to the
drain (V,>0).

FIGS. 13 A and 13B are energy band diagrams (schematic
diagrams) of a cross section along B-B'in FIG. 11. FIG. 13A
illustrates an on state in which a positive potential (+V ) is
applied to the gate (G1) and carriers (electrons) flow between
the source and the drain. FIG. 13B illustrates an off state in
which a negative potential (-V ) is applied to the gate (G1)
and minority carriers do not flow.

FIG. 14 illustrates the relationships between the vacuum
level and the work function of a metal (¢,,) and between the
vacuum level and the electron affinity () of an oxide semi-
conductor.

Since a metal degenerates, a Fermi level exists in the con-
duction band. On the other hand, a conventional oxide semi-
conductor is typically an n-type semiconductor, in which case
the Fermi level (E ) is away from the intrinsic Fermi level (E,)
located in the middle of a band gap and is located closer to the
conduction band. Although it depends on the film formation
method, the oxide semiconductor layer contains a certain
amount of hydrogen or water, and part of hydrogen or water
serves as a donor which supplies electrons, which is known as
a factor to make the oxide semiconductor layer n-type.

On the other hand, an oxide semiconductor which is
applied to a transistor of the voltage regulator circuit which is
an embodiment of the present invention is an intrinsic (i-type)
or a substantially intrinsic oxide semiconductor which is
obtained by removing hydrogen that is an n-type impurity
from an oxide semiconductor and highly purifying the oxide
semiconductor such that an impurity other than a main com-
ponent of the oxide semiconductor is prevented from being
contained therein as much as possible. In other words, a
feature is that a highly purified i-type (intrinsic) semiconduc-
tor or a semiconductor close thereto is obtained not by adding
an impurity but by removing an impurity such as hydrogen or
water as much as possible. This enables the Fermi level to be
at the same level as the intrinsic Fermi level.

In the case where the band gap (E,) of an oxide semicon-
ductor is 3.15 eV, the electron affinity (y) is said to be 4.3 eV.
The work function of titanium (Ti) included in the source
electrode and the drain electrode is substantially equal to the
electron affinity () of the oxide semiconductor. In that case,
a Schottky barrier to electrons is not formed at an interface
between the metal and the oxide semiconductor.

In other words, in the case where the work function of the
metal and the electron affinity of the oxide semiconductor are
equal to each other and the metal and the oxide semiconductor
are in contact with each other, an energy band diagram (a
schematic diagram) as illustrated in FIG. 12A is obtained.

In FIG. 12B, a black circle (@) represents an electron, and
when a positive potential is applied to the drain, the electron
is injected into the oxide semiconductor over the barrier (h)
and flows toward the drain. In that case, the height of the
barrier (h) changes depends on the gate voltage and the drain
voltage; in the case where a positive drain voltage is applied,
the height of the barrier (h) is smaller than the height of the
barrier in FIG. 12A where no voltage is applied, i.e., 2 of the
band gap (E,).

At this time, the electron moves at the bottom, which is
stable in terms of energy, on the oxide semiconductor side at
the interface between the gate insulating film and the highly
purified oxide semiconductor as illustrated in FIG. 13A.

In addition, in FIG. 13B, when a negative potential (reverse
bias) is applied to the gate electrode 1001, the value of current
is extremely close to zero because holes that are minority
carriers are substantially zero.
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For example, even when a thin film transistor has a channel
width W of 1x10* ym and a channel length of 3 ym, the
off-state current is less than or equal to 107> A and a sub-
threshold swing (S value) is 0.1 V/dec. (the thickness of the
gate insulating film: 100 nm).

Further, the off-state current of a transistor including a
highly purified oxide semiconductor is calculated with higher
accuracy. The result thereof is described below.

The off-state current of the transistor including a highly
purified oxide semiconductor is less than or equal to 1x107*>
A that is the detection limit of a measurement device. An
element for evaluating the characteristics is manufactured
and a value of the off-state current (a value of less than or
equal to the detection limit of the measurement device as
described above) is obtained with higher accuracy. The result
thereof is described below.

First, the element for evaluating the characteristics which is
used in a method for measuring current is described with
reference to FIG. 15.

In the element for evaluating the characteristics illustrated
in FIG. 15, three measurement systems 800 are electrically
connected in parallel. The measurement system 800 includes
a capacitor 802, a transistor 804, a transistor 805, a transistor
806, and a transistor 808. For example, a transistor which is
manufactured in accordance with Embodiment 4 is used as
each of the transistor 804 and the transistor 808.

A voltage V11 is inputted to one of a source and a drain of
the transistor 808, and a potential Vext_bl1 is inputted to a gate
of'the transistor 808. The potential Vext_b1 controls the tran-
sistor 808 to be turned on or off.

One of a source and a drain of the transistor 804 is electri-
cally connected to the other of the source and the drain of the
transistor 808, a voltage V12 is inputted to the other of the
source and the drain of the transistor 804, and a potential
Vext_b2 is inputted to a gate of the transistor 804. The poten-
tial Vext_b2 controls the transistor 804 to be turned on or off.

The capacitor 802 has a first terminal and a second termi-
nal. The first terminal is electrically connected to one of the
source and the drain of the transistor 804, and the second
terminal is electrically connected to the other of the source
and the drain of the transistor 804. A portion where the first
terminal of the capacitor 802, the other of the source and the
drain of the transistor 808, one of the source and the drain of
the transistor 804, and a gate of the transistor 805 are con-
nected to each other is also referred to as a node A.

The voltage V11 is inputted to one of a source and a drain
of the transistor 806, and a gate of the transistor 806 is elec-
trically connected to one of the source and the drain thereof.

One of a source and a drain of the transistor 805 is electri-
cally connected to the other of the source and the drain of the
transistor 806, and the voltage V12 is inputted to the other of
the source and the drain of the transistor 805.

In the measurement system 800, a portion where the other
of'the source and the drain of the transistor 806 and one of the
source and the drain of the transistor 805 are connected to
each other is an output terminal. The measurement system
800 outputs a potential Vout through the output terminal.

Next, a method for measuring a current with the use of the
measurement system illustrated in FIG. 15 is described.

First, an initializing period in which a potential difference
is generated to measure the off-current is briefly described. In
the initializing period, the value of the potential Vext_b1 is set
to a value with which the transistor 808 is turned on, and the
transistor 808 is turned on, so that the voltage V11 is applied
to the node A. Here, the voltage V11 is a high potential, for
example. In addition, the transistor 804 is turned off.
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Afterthat, the potential Vext_bl1 is set to a value with which
the transistor 808 is turned off, and the transistor 808 is turned
off. Further, after the transistor 808 is turned off, the potential
V11 is set to a low potential. The transistor 804 is kept in an
off state. The potential V12 is equal to the potential V11.
Through the above, the initializing period is finished. When
the initializing period is finished, a potential difference is
generated between the node A and the other of the source and
the drain of the transistor 804. In addition, a potential differ-
ence is generated between the node A and one of the source
and the drain of the transistor 808. Accordingly, a small
amount of electric charge flows through the transistor 804 and
the transistor 808. That is, the off-state current flows.

Next, a measurement period of the off-state current is
briefly described. In the measurement period, a potential of
one of the source and the drain of the transistor 804 (that is,
the potential V12) and a potential of the other of the source
and the drain of the transistor 808 (that is, the potential V11)
are fixed to be low. On the other hand, in the measurement
period, the potential of the node A is not fixed (in a floating
state). Accordingly, electric charge flows through the transis-
tor 804, and the amount of electric charge stored in the node
A is changed as time passes. The potential of the node A is
changed depending on the change in the amount of electric
charge stored in the node A. That is, the potential Vout that is
an output potential of the output terminal is changed.

FIG. 16 illustrates details (a timing chart) of the relation-
ship between the potentials in the initializing period in which
the potential difference is generated and the measurement
period after the initializing period.

In the initializing period, first, the potential Vext_b2 is set
to a potential (a high potential) with which the transistor 804
is turned on. Therefore, the potential of the node A becomes
V12, that is, a low potential (such as VSS). After that, the
potential Vext_b2 is set to a potential (a low potential) with
which the transistor 804 is turned off, so that the transistor 804
is turned off. Next, the potential Vext_b1 is set to a potential
(a high potential) with which the transistor 808 is turned on.
Accordingly, the potential of the node A becomes V11, that is,
a high potential (such as VDD). Then, Vext_bl is set to a
potential with which the transistor 808 is turned off, which
places the node A in a floating state and finishes the initializ-
ing period.

In the measurement period after the initializing period, the
potential V11 and the potential V12 are set such that electric
charge flows to the node A or electric charge flows out of the
node A. Here, the potential V11 and the potential V12 are low
potentials (VSS). Note that at the timing at which the output
potential Vout is measured, it is necessary to operate an output
circuit and thus temporarily make V11 a high potential
(VDD) in some cases. The period in which V11 is a high
potential (VDD) is made short such that the measurement is
not influenced.

When the potential difference is generated and the mea-
surement period is started as described above, the amount of
electric charge stored in the node A is changed as time passes,
which changes the potential of the node A. This means that the
potential of the gate of the transistor 805 is changed; thus, the
output potential Vout of the output terminal is also changed as
time passes.

A method for calculating the off-state current on the basis
of the obtained output potential Vout is described below.

The relationship between a potential V , of the node A and
the output potential Vout is obtained before calculation of the
off-state current. With this, the potential V , of the node A can
be obtained using the output potential Vout. In accordance



US 9,236,402 B2

43
with the above relationship, the potential V , of the node A can
be expressed as a function of the output potential Vout by the
following equation.

V. =F(Vout) [FORMULA 1]

Electric charge QA of the node A can be expressed by the
following equation with the use of the potential V , of the node
A, capacitance C, connected to the node A, and a constant
(const). Here, the capacitance C, connected to the node A is
the sum of the capacitance of the capacitor 802 and other
capacitance.

0.4=C,V, s+const [FORMULA 2]

Current 1, of the node A is a temporal differential of elec-
tric charge which flows to the node A (or electric charge
which flows out of the node A) and thus is expressed by the
following equation.

_AQs [FORMULA 3]

I, = =
A Ar

C AF(Vour)
Ar

In this manner, the current I ; of the node A can be obtained
from the capacitance C, connected to the node A and the
output potential Vout of the output terminal.

In accordance with the above method, it is possible to
measure leakage current (off-state current) which flows
between a source and a drain of a transistor in an off state.

In this embodiment, the transistor 804 and the transistor
808 were manufactured with the use of ahighly purified oxide
semiconductor. The ratio of the channel length (L) to the
channel width (W) of the transistors was L/W=1:5. In addi-
tion, in the measurement systems 800 which are arranged in
parallel, values of the capacitance of the capacitors 802 were
100 ff, 1 pF, and 3 pF.

Note that VDD was 5V and VSS was 0V in the measure-
ment of this embodiment. In the measurement period, Vout
was measured while the potential V11 was basically set to
VSS and changed to VDD for 100 msec at intervals of 10 sec
to 300 sec. At which was used in calculation of current I which
flows through the element was about 30000 sec.

FIG. 17 shows the relationship between elapsed time Time
in measuring the current and the output potential Vout. The
potential change can be observed after about 90 hours.

FIG. 18 shows the off-state current which is calculated in
the above measurement of the current. In FIG. 18, the rela-
tionship between source-drain voltage V and off current I is
shown. According to FIG. 18, the off-state current was about
40 zA/um under the condition where the source-drain voltage
was 4 V. In addition, the off-state current was less than or
equalto 10 zA/um under the condition where the source-drain
voltage was 3.1 V. Note that 1 zA represents 107! A,

FIG. 19 shows the off-state current which is calculated in
the above measurement of the current when the temperature
of'the transistor is 85° C. In FIG. 19, the relationship between
source-drain voltage V and off-state current I at 85° C. is
shown. According to FIG. 19, the off-state current was less
than or equal to 100 zA/um under the condition where the
source-drain voltage was 3.1 V.

As described above, it was confirmed that the off-state
current is low enough in a transistor including a highly puri-
fied oxide semiconductor.

In this manner, when the oxide semiconductor is highly
purified so that impurities except a main component of the
oxide semiconductor are contained as little as possible, the
operation of the thin film transistor can be favorable.
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The capacitor in the voltage regulator circuit according to
an embodiment of the present invention can be formed
through the same steps as the transistor in this embodiment.
When the transistor and the capacitor are formed through the
same steps, the number of steps can be reduced.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before. Further, when the voltage
regulator circuit according to an embodiment of the present
invention is formed with the use of the transistor, the voltage
regulator circuit can have stable electric characteristics and
high reliability.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 8

In this embodiment, another example of a thin film tran-
sistor which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described.

In this embodiment, an embodiment of a thin film transistor
and a manufacturing method of the thin film transistor will be
described with reference to FIGS. 20A to 20E.

FIGS. 20A to 20E illustrate an example of a cross-sectional
structure of a thin film transistor. A transistor 310 illustrated
in FIGS. 20A to 20E is one of bottom-gate structures and is
also referred to as an inverted staggered thin film transistor.

Although the transistor 310 is a single-gate transistor, a
multi-gate transistor including a plurality of channel forma-
tion regions may be formed as the transistor of this embodi-
ment.

A manufacturing process of the transistor 310 over a sub-
strate 300 having an insulating surface is described below
with reference to FIGS. 20A to 20E.

First, after a conductive film is formed over the substrate
300 having an insulating surface, a gate electrode layer 311 is
formed through a first photolithography step. Note that a
resist mask may be formed with an ink-jet method. A photo-
mask is not used when the resist mask is formed with an
ink-jet method, which results in reducing manufacturing
costs.

Although there is no particular limitation on a substrate
which can be used for the substrate 300 having an insulating
surface, it is necessary that the substrate have at least enough
heat resistance to heat treatment in a subsequent step. For
example, as the substrate 300, a glass substrate of barium
borosilicate glass, aluminoborosilicate glass, or the like can
be used.

As the glass substrate, a substrate having a strain point of
730° C. or higher may be used when the temperature of the
heat treatment in a subsequent step is high. As a material of
the glass substrate, a glass material such as aluminosilicate
glass, aluminoborosilicate glass, or barium borosilicate glass
is used, for example. Note that by containing a larger amount
of barium oxide (BaO) than boron oxide (B,O;), a glass
substrate is heat-resistant and of more practical use. There-
fore, a glass substrate containing a larger amount of BaO than
B,0; is preferably used.

Note that a substrate formed using an insulator, such as a
ceramic substrate, a quartz substrate, or a sapphire substrate,
may beused as the substrate 300 instead of the glass substrate.
Crystallized glass or the like may be used as well. Alterna-
tively, a plastic substrate or the like can be used as appropri-
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ate. Further alternatively, as the substrate, a semiconductor
substrate of silicon or the like can be used.

Further, an insulating film serving as a base film may be
provided between the substrate 300 and the gate electrode
layer 311. The base film has a function of preventing diffusion
of an impurity element from the substrate 300, and can be
formed with a single-layer structure or a stacked structure
using one or more of a silicon nitride film, a silicon oxide film,
a silicon nitride oxide film, and a silicon oxynitride film.

A conductive film for forming the gate electrode layer 311
can be formed to have a single-layer or a stacked structure
using a metal material such as molybdenum, titanium, chro-
mium, tantalum, tungsten, aluminum, copper, neodymium, or
scandium, or an alloy material including any of these mate-
rials as its main component.

For example, as a two-layer structure of the gate electrode
layer 311, the following structures are preferable: a two-layer
structure of an aluminum layer and a molybdenum layer
stacked thereover, a two-layer structure of a copper layer and
a molybdenum layer stacked thereover, a two-layer structure
of a copper layer and a titanium nitride layer or a tantalum
nitride layer stacked thereover, a two-layer structure of a
titanium nitride layer and a molybdenum layer, and a two-
layer structure of a tungsten nitride layer and a tungsten layer.
As a three-layer structure, a stacked structure of a tungsten
layer or a tungsten nitride layer, a layer of an alloy of alumi-
num and silicon or an alloy of aluminum and titanium, and a
titanium nitride layer or a titanium layer is preferable.

Next, a gate insulating layer 302 is formed over the gate
electrode layer 311.

An oxide semiconductor (a highly purified oxide semicon-
ductor) which is made to be i-type or substantially i-type by
removal of an impurity is highly sensitive to an interface state
and interface electric charge; thus, an interface between the
oxide semiconductor and a gate insulating layer is important.
Therefore, the gate insulating layer (GI) which is in contact
with the highly purified oxide semiconductor layer needs
high quality.

For example, high-density plasma CVD using microwaves
(2.45 GHz) is preferable because a dense high-quality insu-
lating film having high breakdown voltage can be formed.
This is because when the highly purified oxide semiconductor
layer is closely in contact with the high-quality gate insulat-
ing layer, the interface state can be reduced and interface
properties can be favorable. Here, as a high-density plasma
apparatus, an apparatus which can realize a plasma density of
greater than or equal to 1x10'*/cm® can be used.

For example, plasma is generated by applying a microwave
power of 3 kW to 6 kW so that the insulating film is formed.
A monosilane gas (SiH,), nitrous oxide (N,0), and a rare gas
are introduced into a chamber as a source gas to generate
high-density plasma at a pressure of 10 Pa to 30 Pa so that the
insulating film is formed over a substrate having an insulating
surface, such as a glass substrate. After that, the supply of a
monosilane gas is stopped, and nitrous oxide (N,O) and a rare
gas are introduced without exposure to the air, so that a
surface of the insulating film is subjected to plasma treatment.
The plasma treatment performed on the surface of the insu-
lating film by introducing nitrous oxide (N,O) and a rare gas
is performed at least after the insulating film is formed. The
flow ratio of a monosilane gas (SiH,) to nitrous oxide (N,O)
which are introduced into the chamber is in the range of 1:10
to 1:200. In addition, as a rare gas which is introduced into the
chamber, helium, argon, krypton, xenon, or the like can be
used. In particular, argon, which is inexpensive, is preferably
used.
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Needless to say, a different film formation method such as
a sputtering method or a plasma CVD method can be used as
long as a high-quality insulating film can be formed as the
gate insulating layer 302. In addition, any insulating film can
be used as long as film quality and properties of an interface
with an oxide semiconductor of the gate insulating film are
modified by heat treatment performed after film formation. In
any case, any insulating film can be used as long as film
quality as a gate insulating film is high, interface state density
with an oxide semiconductor is reduced, and a favorable
interface can be formed.

In a gate-bias thermal stress test (BT test) at 85° C. and
2x10° V/em for 12 hours, if an impurity has been added to an
oxide semiconductor, the bond between the impurity and the
main component of the oxide semiconductor is broken by a
high electric field (B: bias) and high temperature (T: tempera-
ture), so that a generated dangling bond induces a drift in the
threshold voltage (V,;,). As a countermeasure against this, in
the transistor which is an embodiment of the present inven-
tion, the impurity in the oxide semiconductor, especially,
hydrogen, water, or the like is removed as much as possible so
that the properties of an interface with the gate insulating
layer are favorable as described above. Accordingly, it is
possible to obtain a thin film transistor which is stable with
respect to the BT test.

In addition, the gate insulating layer 302 can be formed
with a single-layer structure or a stacked structure using one
or more of a silicon oxide layer, a silicon nitride layer, a
silicon oxynitride layer, a silicon nitride oxide layer, or an
aluminum oxide layer.

In addition, as the gate insulating layer 302, HfO, or the
like can also be used, for example. With the use of HfO, orthe
like as the gate insulating layer 302, leakage current that flows
from the oxide semiconductor layer side toward the gate
electrode can be reduced.

The gate insulating layer 302 can have a structure in which
a silicon oxide layer and a silicon nitride layer are stacked. In
this embodiment, a silicon oxynitride layer having a thickness
01100 nm is formed with a high-density plasma CVD method
with a pressure of 30 Pa and a microwave power of 6 kW, for
example. At this time, the flow ratio of a monosilane gas
(SiH,) to nitrous oxide (N,O) which are introduced into the
chamber is 1:10.

Next, an oxide semiconductor film 330 having a thickness
of'2 nm to 200 nm inclusive is formed over the gate insulating
layer 302.

Note that before the oxide semiconductor film 330 is
formed with a sputtering method, dust on a surface of the gate
insulating layer 302 is preferably removed by reverse sput-
tering in which an argon gas is introduced and plasma is
generated. Note that instead of an argon atmosphere, a nitro-
gen atmosphere, a helium atmosphere, an oxygen atmo-
sphere, or the like may be used.

As the oxide semiconductor film 330, any of the following
oxide semiconductor films is applied: an In—Ga—Z7n—0O-
based oxide semiconductor film; an In—Sn—Zn—O-based
oxide semiconductor film; an In—Al—Zn—O-based oxide
semiconductor film; a Sn—Ga—Zn—0-based oxide semi-
conductor film; an Al-—Ga—Zn—O-based oxide semicon-
ductor film; an Sn—Al—Zn—0-based oxide semiconductor
film; an In—Zn—O-based oxide semiconductor film; a
Sn—Z7n—0-based oxide semiconductor film; an Al—Zn—
O-based oxide semiconductor film; an In—O-based oxide
semiconductor film; an In—Sn—O-based oxide semicon-
ductor film; a Sn—O-based oxide semiconductor film; and a
Zn—0O-based oxide semiconductor film. In this embodiment,
the oxide semiconductor film 330 is formed with a sputtering



US 9,236,402 B2

47

method with the use of an In—Ga—Zn—O based metal
oxide target. A cross-sectional view of this stage is illustrated
in FIG. 20A. Alternatively, the oxide semiconductor film 330
can be formed with a sputtering method under a rare gas
(typically, argon) atmosphere, an oxygen atmosphere, or an
atmosphere of a rare gas (typically, argon) and oxygen. In the
case where a sputtering method is employed, a film may be
formed with a target including SiO, at 2 wt % to 10 wt %
inclusive.

As a target for forming the oxide semiconductor film 330
with a sputtering method, a metal oxide target containing zinc
oxide as its main component can be used. As another example
of the metal oxide target, for example, a metal oxide target
with a composition ratio of In,0;:Ga,0,:Zn0O=1:1:1 (molar
ratio) can be used. Without limitation to the above target, for
example, a metal oxide target with a composition ratio of
In,05:Ga,05:Zn0=1:1:2 (molar ratio) may be used. The fill-
ing factor of the metal oxide target to be manufactured is 90%
to 100% inclusive, preferably, 95% to 99.9% inclusive. With
the use of a metal oxide target with high filling factor, the
formed oxide semiconductor film has high density.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide semiconductor film 330 is formed.

The substrate is held in a treatment chamber kept under
reduced pressure, and the substrate temperature is set to 100°
C. to 600° C. inclusive, preferably, 200° C. to 400° C. inclu-
sive. Film formation is performed while the substrate is
heated, whereby the concentration of an impurity contained
in the formed oxide semiconductor layer can be reduced.
Further, damages due to sputtering can be reduced. Then, a
sputtering gas from which hydrogen and moisture are
removed is introduced into the treatment chamber from which
remaining moisture is being removed, and the oxide semicon-
ductor film 330 is formed over the substrate 300 with the use
of a metal oxide as a target. In order to remove moisture
remaining in the treatment chamber, an entrapment vacuum
pump is preferably used. For example, a cryopump, an ion
pump, or a titanium sublimation pump is preferably used.
Further, an evacuation unit may be a turbo pump provided
with a cold trap. In the film formation chamber which is
evacuated with the cryopump, for example, a hydrogen atom,
a compound containing a hydrogen atom, such as water
(H,0), (more preferably, also a compound containing a car-
bon atom), and the like are removed, whereby the concentra-
tion of an impurity in the oxide semiconductor film formed in
the film formation chamber can be reduced.

As an example of film formation conditions, the following
conditions are employed: the distance between the substrate
and the target is 100 mm, the pressure is 0.6 Pa, the direct
current (DC) power source is 0.5 kW, and an oxygen atmo-
sphere (the proportion of the oxygen flow is 100%) is used. It
is preferable that a pulsed direct-current (DC) power source
be used because powder substances generated in film forma-
tion can be reduced and the film thickness can be uniform.
The oxide semiconductor film preferably has a thickness of 5
nm to 30 nm inclusive. Note that there is a difference in an
appropriate thickness, which depends on an oxide semicon-
ductor material, and the thickness may be set as appropriate in
a manner which depends on the material.

Next, the oxide semiconductor film 330 is processed into
an island-shaped oxide semiconductor layer 331 through a
second photolithography step. Further, a resist mask for form-
ing the island-shaped oxide semiconductor layer 331 may be
formed with an ink-jet method. A photomask is not used when
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the resist mask is formed with an ink-jet method, which
results in reducing manufacturing costs.

Next, the oxide semiconductor layer is subjected to first
heat treatment. With the first heat treatment, dehydration or
dehydrogenation of the oxide semiconductor layer can be
performed. The temperature of the first heat treatment is
higher than or equal to 400° C. and lower than or equal to 750°
C., preferably, higher than or equal to 400° C. and lower than
the strain point of the substrate. Here, the substrate is intro-
duced in an electric furnace which is a kind of heat treatment
apparatus and heat treatment is performed on the oxide semi-
conductor layer under a nitrogen atmosphere at 450° C. for
one hour, and then water and hydrogen are prevented from
entering the oxide semiconductor layer. In this manner, an
oxide semiconductor layer 331 is obtained (see FIG. 20B).

Note that the heat treatment apparatus is not limited to an
electric furnace, and may have a device for heating an object
to be processed by heat conduction or heat radiation from a
heater such as a resistance heater. For example, an RTA (rapid
thermal anneal) apparatus such as a GRTA (gas rapid thermal
anneal) apparatus or an LRTA (lamp rapid thermal anneal)
apparatus can be used. An LRTA apparatus is an apparatus for
heating an object to be processed by radiation of light (an
electromagnetic wave) emitted from a lamp such as a halogen
lamp, a metal halide lamp, a xenon arc lamp, a carbon arc
lamp, a high pressure sodium lamp, or a high pressure mer-
cury lamp. A GRTA apparatus is an apparatus with which heat
treatment is performed using a high-temperature gas. As the
gas, an inert gas which does not react with an object to be
processed by heat treatment, like nitrogen or arare gas such as
argon is used.

For example, as the first heat treatment, GRTA may be
performed as follows. The substrate is transferred and put in
an inert gas which has been heated to a high temperature of
650° C.t0700° C., heated for several minutes, and transferred
and taken out of the inert gas which has been heated to a high
temperature. GRTA enables a high-temperature heat treat-
ment for a short time.

Note that in the first heat treatment, it is preferable that
water, hydrogen, and the like be not contained in nitrogen or
a rare gas such as helium, neon, or argon. In addition, the
purity of nitrogen or a rare gas such as helium, neon, or argon,
which is introduced into the heat treatment apparatus, is pref-
erably 6N (99.9999%) or more, more preferably, 7N
(99.99999%) or more (i.e., impurity concentration is prefer-
ably 1 ppm or lower, more preferably, 0.1 ppm or lower).

The oxide semiconductor layer 331 becomes a microcrys-
talline layer or a polycrystalline layer by crystallization in
some cases in a manner which depends on a condition of the
first heat treatment or a material of the oxide semiconductor
film. For example, the oxide semiconductor layer may be
crystallized to become microcrystalline semiconductor layer
having a degree of crystallization of 90% or more, or 80% or
more. Further, in accordance with conditions of the first heat
treatment or a material of the oxide semiconductor layer, the
oxide semiconductor layer may be an amorphous oxide semi-
conductor layer which does not contain crystalline compo-
nents. The oxide semiconductor layer may become an oxide
semiconductor layer in which a microcrystalline portion
(with a grain diameter of 1 nm to 20 nm inclusive, typically 2
nm to 4 nm inclusive) is mixed into an amorphous oxide
semiconductor.

In addition, the first heat treatment can also be performed
on the oxide semiconductor film 330 before being processed
into the island-shaped oxide semiconductor layer. In that
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case, the substrate is taken out from the heat apparatus after
the first heat treatment, and then a photolithography step is
performed.

The heat treatment having an effect of dehydration or dehy-
drogenation with respect to the oxide semiconductor layer
may be performed at any of the following timings: after the
oxide semiconductor layer is formed; after a source electrode
and a drain electrode are formed over the oxide semiconduc-
tor layer; and after a protective insulating film is formed over
the source electrode and the drain electrode.

Further, in the case where a contact hole is formed in the
gate insulating layer 302, the step may be performed before or
after the dehydration or dehydrogenation of the oxide semi-
conductor film 330.

Note that the etching of the oxide semiconductor film may
be dry etching, without limitation to wet etching.

The etching conditions (such as an etchant, etching time,
and temperature), which depend on the material, are adjusted
as appropriate so that the material can be etched into a desired
shape.

Next, a conductive film is formed over the gate insulating
layer 302 and the oxide semiconductor layer 331. For
example, the conductive film may be formed with a sputtering
method or a vacuum evaporation method. As a material of the
conductive film, there are an element selected from Al, Cr,
Cu, Ta, Ti, Mo, and W, an alloy including any of the above
elements as its component, an alloy film including a combi-
nation of any of the above elements, and the like. Alterna-
tively, one or more materials selected from manganese, mag-
nesium, zirconium, beryllium, and yttrium may be used. The
conductive film may have a single-layer structure or a stacked
structure of two or more layers. For example, a single-layer
structure of an aluminum film including silicon, a two-layer
structure in which a titanium film is stacked over an alumi-
num film, a three-layer structure in which a titanium film, an
aluminum film, and a titanium film are stacked in this order,
and the like can be given. Alternatively, a film, an alloy film,
or a nitride film which contains aluminum (Al) and one or a
plurality of elements selected from titanium (Ti), tantalum
(Ta), tungsten (W), molybdenum (Mo), chromium (Cr),
neodymium (Nd), and scandium (Sc) may be used.

If heat treatment is performed after formation of the con-
ductive film, it is preferable that the conductive film have heat
resistance enough to withstand the heat treatment.

A resist mask is formed over the conductive film through a
third photolithography step. The conductive film is selec-
tively etched, so that a source electrode layer 3154 and a drain
electrode layer 3155 are formed. Then, the resist mask is
removed (see FIG. 20C).

Ultraviolet, a KrF laser beam, or an ArF laser beam is used
for light exposure for forming the resist mask in the third
photolithography step. A channel length L. of the thin film
transistor to be formed later depends on a width of a distance
between a bottom portion of the source electrode layer and a
bottom portion of the drain electrode layer which are adjacent
to each other over the oxide semiconductor layer 331. Note
that when light exposure is performed in the case where the
channel length L is shorter than 25 nm, extreme ultraviolet
with extremely short wavelengths of several nanometers to
several tens of nanometers is used for light exposure for
forming the resist mask in the third photolithography step.
Light exposure with extreme ultraviolet leads to a high reso-
Iution and a large depth of focus. Accordingly, the channel
length [ of the thin film transistor to be formed later can be set
to 10 nm to 1000 nm inclusive. Thus, the operation speed of
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a circuit can be increased, and further, an off-state current is
significantly small, so that low power consumption can be
achieved.

Note that each material and etching conditions of the con-
ductive film and the oxide semiconductor film are adjusted as
appropriate so that the oxide semiconductor layer 331 is not
removed at the time of etching the conductive film.

In this embodiment, a titanium film is used as the conduc-
tive film, an In—Ga—Z7n—0-based oxide semiconductor is
used as the oxide semiconductor layer 331, and an ammonia
hydrogen peroxide solution (a mixture of ammonia, water,
and a hydrogen peroxide solution) is used as an etchant.

In the third photolithography step, only part of the oxide
semiconductor layer 331 may be etched off, whereby an
oxide semiconductor layer having a groove (a depressed por-
tion) might be formed. In addition, the resist mask for forming
the source electrode layer 315a and the drain electrode layer
3156 may be formed with an ink-jet method. A photomask is
not used when the resist mask is formed with an ink-jet
method, which results in reducing manufacturing costs.

Further, oxide conductive layers may be formed between
the oxide semiconductor layer and the source and drain elec-
trode layers. The oxide conductive layers and a conductive
layer for forming the source and drain electrode layers can be
formed successively. The oxide conductive layers can func-
tion as a source region and a drain region.

When the oxide conductive layers are provided as a source
region and a drain region between the oxide semiconductor
layer and the source and drain electrode layers, the resistance
of'the source region and the drain region can be decreased and
high-speed operation of the transistor can be realized.

In order to reduce the number of photomasks and steps in a
photolithography step, etching may be performed with the
use of a resist mask formed using a multi-tone mask which is
alight-exposure mask through which light is transmitted so as
to have a plurality of intensities. Since a resist mask formed
using a multi-tone mask has a plurality of thicknesses and can
be further changed in shape by performing etching, the resist
mask can be used in a plurality of etching steps to provide
different patterns. Therefore, a resist mask corresponding to
at least two kinds of different pattern can be formed by using
one multi-tone mask. Thus, the number of light-exposure
masks can be reduced and the number of corresponding pho-
tolithography steps can also be reduced, whereby simplifica-
tion of a process can be realized.

Next, plasma treatment using a gas such as N,O, N,, or Ar
is performed. This plasma treatment removes water or the like
adsorbed on a surface ofthe oxide semiconductor layer which
is exposed. In addition, plasma treatment may be performed
using a mixed gas of oxygen and argon.

After the plasma treatment, an oxide insulating layer 316
serving as a protective insulating film, which is in contact
with part of the oxide semiconductor layer, is formed.

The oxide insulating layer 316 can be formed to a thickness
at least 1 nm using a sputtering method or the like as appro-
priate, which is a method with which an impurity such as
water or hydrogen does not enter the oxide insulating layer
316. When hydrogen is contained in the oxide insulating layer
316, there is a concern that entry of the hydrogen to the oxide
semiconductor layer or extraction of oxygen in the oxide
semiconductor layer by the hydrogen is caused, thereby mak-
ing the resistance of the back channel of the oxide semicon-
ductor layer low (to have an n-type conductivity), so that a
parasitic channel might be formed. Therefore, it is important
that a formation method in which hydrogen is not used is
employed such that the oxide insulating layer 316 contains as
little hydrogen as possible.
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In this embodiment, a silicon oxide film having a thickness
01200 nm is formed as the oxide insulating layer 316 with a
sputtering method. The substrate temperature in film forma-
tion may be room temperature to 300° C. inclusive, and is set
at 100° C. in this embodiment. The silicon oxide film can be
formed with a sputtering method under a rare gas (typically,
argon) atmosphere, an oxygen atmosphere, or an atmosphere
of a rare gas (typically, argon) and oxygen. Moreover, a
silicon oxide target or a silicon target can be used as a target.
For example, the silicon oxide film can be formed using a
silicon target with a sputtering method under an atmosphere
of' oxygen and nitrogen. The oxide insulating layer 316 which
is formed in contact with the oxide semiconductor layer in a
region which comes to be in an oxygen-deficient state and
thus has a lower resistance, that is, comes to be n-type is
formed using an inorganic insulating film that does not con-
tain impurities such as moisture, a hydrogen ion, and OH™ and
blocks entry of such impurities from the outside, typically, a
silicon oxide film, a silicon oxynitride film, an aluminum
oxide film, or an aluminum oxynitride film.

In that case, the oxide insulating layer 316 is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
layer 331 and the oxide insulating layer 316.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In the film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), and the like are removed, whereby the
concentration of an impurity contained in the oxide insulating
layer 316 formed in the film formation chamber can be
reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide insulating layer 316 is formed.

Next, second heat treatment (preferably, at 200° C. to 400°
C. inclusive, e.g., 250° C. to 350° C. inclusive) is performed
under an inert gas atmosphere or an oxygen gas atmosphere.
For example, the second heat treatment is performed at 250°
C. for one hour under a nitrogen atmosphere. With the second
heat treatment, heat is applied while the oxide semiconductor
layer is in contact with the oxide insulating layer 316.

Through the above process, heat treatment for dehydration
or dehydrogenation is performed on the oxide semiconductor
film after film formation to lower resistance, and then, part of
the oxide semiconductor film is selectively made into an
oxygen-excess state. As a result, a channel formation region
313 which overlaps with the gate electrode layer 311 becomes
i-type, and a high-resistance source region 314a which over-
laps with the source electrode layer 3154 and a high-resis-
tance drain region 3146 which overlaps with the drain elec-
trode layer 31556 are formed in a self-aligned manner.
Through the above-described process, the transistor 310 is
formed (see FIG. 20D).

Heat treatment at 100° C. to 200° C. inclusive for one hour
to 30 hours inclusive in an air atmosphere may be further
performed. In this embodiment, the heat treatment is per-
formed at 150° C. for 10 hours. This heat treatment may be
performed at a fixed heating temperature. Alternatively, the
following change in the heating temperature may be per-
formed plural times repeatedly: the heating temperature is
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increased from room temperature to a temperature of 100° C.
to 200° C. inclusive and then decreased to room temperature.
This heat treatment may be performed before the formation of
the oxide insulating film under a reduced pressure. Under the
reduced pressure, the heat treatment time can be shortened.
With this heat treatment, a normally-off thin film transistor
can be obtained. Thus, reliability of the thin film transistor can
be improved. Further, when a silicon oxide layer containing a
number of defects is used as the oxide insulating layer, the
impurity contained in the oxide semiconductor layer can be
reduced more effectively by the above heat treatment.

By the formation of the high-resistance drain region 3145
(or the high-resistance source region 314a) in part of the
oxide semiconductor layer, which overlaps with the drain
electrode layer 3155 (or the source electrode layer 3154),
reliability of the thin film transistor can be improved. Specifi-
cally, by forming the high-resistance drain region 3144, a
structure can be attained in which conductivity can be varied
stepwise from the drain electrode layer 3155 to the high-
resistance drain region 31454, and the channel formation
region 313. Thus, in the case where the transistor operates
with the drain electrode layer 31556 connected to a wiring for
supplying a high power source potential VDD, the high-
resistance drain region 3145 serves as a buffer and a high
electric field is not applied locally even if the high electric
field is applied between the gate electrode layer 311 and the
drain electrode layer 3155, so that the breakdown voltage of
the transistor can be improved.

Further, the high-resistance source region or the high-re-
sistance drain region in the oxide semiconductor layer is
formed in the entire thickness direction in the case where the
thickness of the oxide semiconductor layer is less than or
equal to 15 nm. In the case where the thickness of the oxide
semiconductor layeris 30 nm to 50 nm inclusive, in part of the
oxide semiconductor layer, that is, in a region in the oxide
semiconductor layer which is in contact with the source elec-
trode layer or the drain electrode layer and the vicinity
thereof, the resistance is reduced and a region in the oxide
semiconductor layer, which is close to the gate insulating
film, can be made to be i-type.

A protective insulating layer may be further formed over
the oxide insulating layer 316. For example, a silicon nitride
film is formed with an RF sputtering method. An RF sputter-
ing method is preferable as a formation method of the pro-
tective insulating layer because of high productivity. The
protective insulating layer is formed using an inorganic insu-
lating film that does not contain impurities such as moisture,
a hydrogen ion, and OH and blocks entry of such impurities
from the outside, typically a silicon nitride film, an aluminum
nitride film, a silicon nitride oxide film, an aluminum nitride
oxide film, or the like is used. In this embodiment, a protective
insulating layer 303 is formed using a silicon nitride film as a
protective insulating layer (see FIG. 20E).

In this embodiment, as the protective insulating layer 303,
a silicon nitride film is formed in the following manner: the
substrate 300 over which layers up to the oxide insulating
layer 316 are formed is heated at a temperature of 100° C. to
400° C.; a sputtering gas containing high-purity nitrogen
from which hydrogen and moisture are removed is intro-
duced; and a silicon semiconductor target is used. In this case
also, it is preferable that residual moisture be removed from
the treatment chamber in the formation of the protective insu-
lating layer 303 in a manner similar to that of the oxide
insulating layer 316.

In addition, a planarizing insulating layer for planarization
may be provided over the protective insulating layer 303.
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Further, a conductive layer which overlaps with the oxide
semiconductor layer may be provided over the protective
insulating layer 303 (over the planarizing insulating layer in
the case where the planarizing insulating layer is provided).
The conductive layer may have the same potential as or have
potential different from that of the gate electrode layer 311 of
the transistor 310 and can function as a second gate electrode
layer. The potential of the conductive layer may be a fixed
potential such as GND or 0 V.

Electric characteristics of the thin film transistor 310 canbe
controlled by the conductive layer.

The capacitor in the voltage regulator circuit according to
an embodiment of the present invention can be formed
through the same steps as the transistor in this embodiment.
When the transistor and the capacitor are formed through the
same steps, the number of steps can be reduced.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before. Further, when the voltage
regulator circuit according to an embodiment of the present
invention is formed with the use of the transistor, the voltage
regulator circuit can have stable electric characteristics and
high reliability.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 9

In this embodiment, another example of a thin film tran-
sistor which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described.

Inthis embodiment, an embodiment of a thin film transistor
and a manufacturing method of the thin film transistor will be
described with reference to FIGS. 21A to 21D.

FIGS. 21A to 21D illustrate an example of a cross-sec-
tional structure of a thin film transistor. A transistor 360
illustrated in FIGS. 21A to 21D is one of bottom-gate struc-
tures called a channel-protective type (channel-stop type) and
is also referred to as an inverted staggered thin film transistor.

Although the transistor 360 is a single-gate transistor, a
multi-gate transistor including a plurality of channel forma-
tion regions may be formed as the transistor of this embodi-
ment.

A manufacturing process of the transistor 360 over a sub-
strate 320 having an insulating surface is described below
with reference to FIGS. 21A to 21D.

First, after a conductive film is formed over the substrate
320 having an insulating surface, a gate electrode layer 361 is
formed through a first photolithography step. Note that a
resist mask may be formed with an ink-jet method. A photo-
mask is not used when the resist mask is formed with an
ink-jet method, which results in reducing manufacturing
costs.

A conductive film for forming the gate electrode layer 361
can be formed to have a single-layer or a stacked structure
using a metal material such as molybdenum, titanium, chro-
mium, tantalum, tungsten, aluminum, copper, neodymium, or
scandium, or an alloy material including any of these mate-
rials as its main component.

Next, a gate insulating layer 322 is formed over the gate
electrode layer 361.

An oxide semiconductor (a highly purified oxide semicon-
ductor) which is made to be i-type or substantially i-type by
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removal of an impurity is highly sensitive to an interface state
and interface electric charge; thus, an interface between the
oxide semiconductor and a gate insulating layer is important.
Therefore, the gate insulating layer (GI) which is in contact
with the highly purified oxide semiconductor layer needs
high quality.

For example, high-density plasma CVD using microwaves
(2.45 GHz) is preferable because a dense high-quality insu-
lating film having high breakdown voltage can be formed.
This is because when the highly purified oxide semiconductor
layer is closely in contact with the high-quality gate insulat-
ing layer, the interface state can be reduced and interface
properties can be favorable. Here, as a high-density plasma
apparatus, an apparatus which can realize a plasma density of
greater than or equal to 1x10'/cm® can be used.

For example, plasma is generated by applying a microwave
power of 3 kW to 6 kW so that the insulating film is formed.
A monosilane gas (SiH,), nitrous oxide (N,O), and a rare gas
are introduced into a chamber as a source gas to generate
high-density plasma at a pressure of 10 Pa to 30 Pa so that the
insulating film is formed over a substrate having an insulating
surface, such as a glass substrate. After that, the supply of a
monosilane gas is stopped, and nitrous oxide (N,O) and a rare
gas are introduced without exposure to the air, so that a
surface of the insulating film is subjected to plasma treatment.
The plasma treatment performed on the surface of the insu-
lating film by introducing nitrous oxide (N,O) and a rare gas
is performed at least after the insulating film is formed. The
flow ratio of'a monosilane gas (SiH,) to nitrous oxide (N,O)
which are introduced into the chamber is in the range of 1:10
t0 1:200. In addition, as a rare gas which is introduced into the
chamber, helium, argon, krypton, xenon, or the like can be
used. In particular, argon, which is inexpensive, is preferably
used.

Needless to say, a different film formation method such as
a sputtering method or a plasma CVD method can be used as
long as a high-quality insulating film can be formed as the
gate insulating layer 322. In addition, any insulating film can
be used as long as film quality and properties of an interface
with an oxide semiconductor of the gate insulating film are
modified by heat treatment performed after film formation. In
any case, any insulating film can be used as long as film
quality as a gate insulating film is high, interface state density
with an oxide semiconductor is reduced, and a favorable
interface can be formed.

In a gate-bias thermal stress test (BT test) at 85° C. and
2x10° V/em for 12 hours, if an impurity has been added to an
oxide semiconductor, the bond between the impurity and the
main component of the oxide semiconductor is broken by a
high electric field (B: bias) and high temperature (T: tempera-
ture), so that a generated dangling bond induces a drift in the
threshold voltage (V,;,). As a countermeasure against this, in
the transistor which is an embodiment of the present inven-
tion, the impurity in the oxide semiconductor, especially,
hydrogen, water, or the like is removed as much as possible so
that the properties of an interface with the gate insulating
layer are favorable as described above. Accordingly, it is
possible to obtain a thin film transistor which is stable with
respect to the BT test.

The gate insulating layer 322 can be formed with a single-
layer structure or a stacked structure using one or more of a
silicon oxide layer, a silicon nitride layer, a silicon oxynitride
layer, a silicon nitride oxide layer, or an aluminum oxide
layer.

In addition, as the gate insulating layer 322, HfO, or the
like can also be used, for example. With the use of HfO, orthe
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like as the gate insulating layer 322, leakage current that flows
from the oxide semiconductor layer side toward the gate
electrode can be reduced.

The gate insulating layer 322 can have a structure in which
a silicon oxide layer and a silicon nitride layer are stacked. In
this embodiment, a silicon oxynitride layer having a thickness
01 100 nm is formed with a high-density plasma CVD method
with a pressure of 30 Pa and a microwave power of 6 kW, for
example. At this time, the flow ratio of a monosilane gas
(SiH,) to nitrous oxide (N,O) which are introduced into the
chamber is 1:10.

Next, an oxide semiconductor film having a thickness of 2
nm to 200 nm inclusive is formed over the gate insulating
layer 322. Then, the oxide semiconductor film is processed
into an island-shaped oxide semiconductor layer through a
second photolithography step. In this embodiment, the oxide
semiconductor film is formed with a sputtering method with
the use of an In—Ga—Z7n—O0 based metal oxide target.

In that case, the oxide semiconductor film is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
film.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In the film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), and the like are removed, whereby the
concentration of an impurity contained in the oxide semicon-
ductor film formed in the film formation chamber can be
reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide semiconductor film is formed.

Next, the oxide semiconductor layer is subjected to dehy-
dration or dehydrogenation. The temperature of first heat
treatment for performing the dehydration or dehydrogenation
is higher than or equal to 400° C. and lower than or equal to
750° C., preferably, higher than or equal to 400° C. and lower
than the strain point of the substrate. Here, the substrate is
introduced in an electric furnace which is a kind of heat
treatment apparatus and heat treatment is performed on the
oxide semiconductor layer under a nitrogen atmosphere at
450° C. for one hour, and then water and hydrogen are pre-
vented from entering the oxide semiconductor layer. In this
manner, an oxide semiconductor layer 332 is obtained (see
FIG. 21A).

Next, plasma treatment using a gas such as N,O, N,, or Ar
is performed. This plasma treatment removes water or the like
adsorbed on a surface of the oxide semiconductor layer which
is exposed. In addition, plasma treatment may be performed
using a mixed gas of oxygen and argon.

Next, after an oxide insulating film is formed over the gate
insulating layer 322 and the oxide semiconductor layer 332, a
resist mask is formed over the oxide insulating film through a
third photolithography step. The oxide insulating film is
selectively etched, so that an oxide insulating layer 366 is
formed. Then, the resist mask is removed.

In this embodiment, a silicon oxide film having a thickness
01200 nm is formed as the oxide insulating layer 366 with a
sputtering method. The substrate temperature in film forma-
tion may be higher than or equal to room temperature and
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lower than or equal to 300° C., and is set at 100° C. in this
embodiment. The silicon oxide film can be formed with a
sputtering method under a rare gas (typically, argon) atmo-
sphere, an oxygen atmosphere, or an atmosphere of a rare gas
(typically, argon) and oxygen. Moreover, a silicon oxide tar-
get or a silicon target can be used as a target. For example, the
silicon oxide film can be formed using a silicon target with a
sputtering method under an atmosphere of oxygen and nitro-
gen. The oxide insulating layer 366 which is formed in con-
tact with the oxide semiconductor layer in a region which
comes to be in an oxygen-deficient state and thus has a lower
resistance, that is, comes to be n-type is formed using an
inorganic insulating film that does not contain impurities such
as moisture, a hydrogen ion, and OH™ and blocks entry of
such impurities from the outside, typically, a silicon oxide
film, a silicon oxynitride film, an aluminum oxide film, or an
aluminum oxynitride film.

In that case, the oxide insulating layer 366 is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
layer 332 and the oxide insulating layer 366.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In the film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), and the like are removed, whereby the
concentration of an impurity contained in the oxide insulating
layer 366 formed in the film formation chamber can be
reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide insulating layer 366 is formed.

Next, second heat treatment (preferably, at 200° C. to 400°
C. inclusive, e.g., 250° C. to 350° C. inclusive) is performed
under an inert gas atmosphere or an oxygen gas atmosphere.
For example, the second heat treatment is performed at 250°
C. for one hour under a nitrogen atmosphere. With the second
heat treatment, heat is applied while the oxide semiconductor
layer is in contact with the oxide insulating layer 366.

In this embodiment, the oxide semiconductor layer 332
which is provided with the oxide insulating layer 366 and is
partly exposed is further subjected to heat treatment under a
nitrogen atmosphere or an inert gas atmosphere or under a
reduced pressure. With the heat treatment under a nitrogen
atmosphere or an inert gas atmosphere or under a reduced
pressure, the resistance of the exposed region of the oxide
semiconductor layer 332, which is not covered by the oxide
insulating layer 366, can be reduced. For example, the heat
treatment is performed at 250° C. for one hour under a nitro-
gen atmosphere.

With the heat treatment on the oxide semiconductor layer
332 provided with the oxide insulating layer 366 under a
nitrogen atmosphere, the resistance of the exposed region of
the oxide semiconductor layer 332 is reduced, so that an oxide
semiconductor layer 362 including regions with different
resistances (indicated as a shaded region and a white region in
FIG. 21B) is formed.

Next, after a conductive film is formed over the gate insu-
lating layer 322, the oxide semiconductor layer 362, and the
oxide insulating layer 366, a resist mask is formed over the
conductive film through a fourth photolithography step. The
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conductive film is selectively etched, so that a source elec-
trode layer 3654 and a drain electrode layer 3655 are formed.
Then, the resist mask is removed (see FIG. 21C).

As a material of the source electrode layer 365a and the
drain electrode layer 3655, there are an element selected from
Al Cr, Cu, Ta, Ti, Mo, and W, an alloy including any of the
above elements as its component, an alloy film including a
combination of any of the above elements, and the like. The
conductive film may have a single-layer structure or a stacked
structure of two or more layers.

Through the above process, the oxide semiconductor layer
comes to be in an oxygen-deficient state and thus has a lower
resistance, that is, comes to be n-type when heat treatment for
dehydration or dehydrogenation is performed on the formed
oxide semiconductor film. Then, the oxide insulating layer is
formed in contact with the oxide semiconductor layer.
Accordingly, part of the oxide semiconductor layer is selec-
tively in an oxygen excess state. As a result, a channel forma-
tion region 363 which overlaps with the gate electrode layer
361 becomes i-type. At that time, a high-resistance source
region 364a which has higher carrier concentration than at
least the channel formation region 363 and overlaps with the
source electrode layer 365a and a high-resistance drain
region 3645 which has higher carrier concentration than at
least the channel formation region 363 and overlaps with the
drain electrode layer 3655 are formed in a self-aligned man-
ner. Through the above-described process, the transistor 360
is formed.

Heat treatment at 100° C. to 200° C. inclusive for one hour
to 30 hours inclusive in an air atmosphere may be further
performed. In this embodiment, the heat treatment is per-
formed at 150° C. for 10 hours. This heat treatment may be
performed at a fixed heating temperature. Alternatively, the
following change in the heating temperature may be per-
formed plural times repeatedly: the heating temperature is
increased from room temperature to a temperature of 100° C.
to 200° C. inclusive and then decreased to room temperature.
This heat treatment may be performed before the formation of
the oxide insulating film under a reduced pressure. Under the
reduced pressure, the heat treatment time can be shortened.
With this heat treatment, hydrogen is introduced from the
oxide semiconductor layer to the oxide insulating layer; thus,
a normally-off thin film transistor can be obtained. Thus,
reliability of the thin film transistor can be improved.

By the formation of a high-resistance drain region 3645 (or
the high-resistance source region 364a) in part of the oxide
semiconductor layer, which overlaps with the drain electrode
layer 3656 (or the source electrode layer 365a), reliability of
the thin film transistor can be improved. Specifically, by
forming the high-resistance drain region 3645, a structure can
be attained in which conductivity can be varied stepwise from
the drain electrode layer 3655 to the high-resistance drain
region 3645, and the channel formation region 363. Thus, in
the case where the transistor operates with the drain electrode
layer 36556 connected to a wiring for supplying a high power
source potential VDD, the high-resistance drain region 3645
serves as a buffer and thus a high electric field is not applied
even if the high electric field is applied between the gate
electrode layer 361 and the drain electrode layer 3655, so that
the breakdown voltage of the transistor can be improved.

A protective insulating layer 323 is formed over the source
electrode layer 365aq, the drain electrode layer 3655, and the
oxide insulating layer 366. In this embodiment, the protective
insulating layer 323 is formed using a silicon nitride film (see
FIG. 21D).

An oxide insulating layer may be formed over the source
electrode layer 365aq, the drain electrode layer 3655, and the
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oxide insulating layer 366, and the protective insulating layer
323 may be stacked over the oxide insulating layer.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before. Further, when the voltage
regulator circuit according to an embodiment of the present
invention is formed with the use of the transistor, the voltage
regulator circuit can have stable electric characteristics and
high reliability.

The capacitor in the voltage regulator circuit according to
an embodiment of the present invention can be formed
through the same steps as the transistor in this embodiment.
When the transistor and the capacitor are formed through the
same steps, the number of steps can be reduced.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 10

In this embodiment, another example of a thin film tran-
sistor which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described.

In this embodiment, an embodiment of a thin film transistor
and a manufacturing method of the thin film transistor will be
described with reference to FIGS. 22A to 22D.

Although a thin film transistor 350 is a single-gate transis-
tor, a multi-gate transistor including a plurality of channel
formation regions may be formed as the transistor of this
embodiment.

A manufacturing process of the transistor 350 over a sub-
strate 340 having an insulating surface is described below
with reference to FIGS. 22A to 22D.

First, after a conductive film is formed over the substrate
340 having an insulating surface, a gate electrode layer 351 is
formed through a first photolithography step. In this embodi-
ment, as a conductive film for forming the gate electrode layer
351, a tungsten film having a thickness of 150 nm is formed
with a sputtering method.

Next, a gate insulating layer 342 is formed over the gate
electrode layer 351.

An oxide semiconductor (a highly purified oxide semicon-
ductor) which is made to be i-type or substantially i-type by
removal of an impurity is highly sensitive to an interface state
and interface electric charge; thus, an interface between the
oxide semiconductor and a gate insulating layer is important.
Therefore, the gate insulating layer (GI) which is in contact
with the highly purified oxide semiconductor layer needs
high quality.

For example, high-density plasma CVD using microwaves
(2.45 GHz) is preferable because a dense high-quality insu-
lating film having high breakdown voltage can be formed.
This is because when the highly purified oxide semiconductor
layer is closely in contact with the high-quality gate insulat-
ing layer, the interface state can be reduced and interface
properties can be favorable. Here, as a high-density plasma
apparatus, an apparatus which can realize a plasma density of
greater than or equal to 1x10*!/cm® can be used.

For example, plasma is generated by applying a microwave
power of 3 kW to 6 kW so that the insulating film is formed.
A monosilane gas (SiH,), nitrous oxide (N,O), and a rare gas
are introduced into a chamber as a source gas to generate
high-density plasma at a pressure of 10 Pa to 30 Pa so that the
insulating film is formed over a substrate having an insulating
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surface, such as a glass substrate. After that, the supply of a
monosilane gas is stopped, and nitrous oxide (N,O) and a rare
gas are introduced without exposure to the air, so that a
surface of the insulating film is subjected to plasma treatment.
The plasma treatment performed on the surface of the insu-
lating film by introducing nitrous oxide (N,O) and a rare gas
is performed at least after the insulating film is formed. The
flow ratio of a monosilane gas (SiH,) to nitrous oxide (N,O)
which are introduced into the chamber is in the range of 1:10
to 1:200. In addition, as a rare gas which is introduced into the
chamber, helium, argon, krypton, xenon, or the like can be
used. In particular, argon, which is inexpensive, is preferably
used.

Needless to say, a different film formation method such as
a sputtering method or a plasma CVD method can be used as
long as a high-quality insulating film can be formed as the
gate insulating layer 342. In addition, any insulating film can
be used as long as film quality and properties of an interface
with an oxide semiconductor of the gate insulating film are
modified by heat treatment performed after film formation. In
any case, any insulating film can be used as long as film
quality as a gate insulating film is high, interface state density
with an oxide semiconductor is reduced, and a favorable
interface can be formed.

In a gate-bias thermal stress test (BT test) at 85° C. and
2x10° V/em for 12 hours, if an impurity has been added to an
oxide semiconductor, the bond between the impurity and the
main component of the oxide semiconductor is broken by a
high electric field (B: bias) and high temperature (T: tempera-
ture), so that a generated dangling bond induces a drift in the
threshold voltage (V,;,). As a countermeasure against this, in
the transistor which is an embodiment of the present inven-
tion, the impurity in the oxide semiconductor, especially,
hydrogen, water, or the like is removed as much as possible so
that the properties of an interface with the gate insulating
layer are favorable as described above. Accordingly, it is
possible to obtain a thin film transistor which is stable with
respect to the BT test.

The gate insulating layer 342 can be formed with a single-
layer structure or a stacked structure using one or more of a
silicon oxide layer, a silicon nitride layer, a silicon oxynitride
layer, a silicon nitride oxide layer, or an aluminum oxide
layer.

In addition, as the gate insulating layer 342, HfO_ or the
like can also be used, for example. With the use of HfO, or the
like as the gate insulating layer 342, leakage current that flows
from the oxide semiconductor layer side toward the gate
electrode can be reduced.

The gate insulating layer 342 can have a structure in which
a silicon oxide layer and a silicon nitride layer are stacked. In
this embodiment, a silicon oxynitride layer having a thickness
01 100 nm is formed with a high-density plasma CVD method
with a pressure of 30 Pa and a microwave power of 6 kW, for
example. At this time, the flow ratio of a monosilane gas
(SiH,) to nitrous oxide (N,O) which are introduced into the
chamber is 1:10.

Next, a conductive film is formed over the gate insulating
layer 342, and a resist mask is formed over the conductive film
through a second photolithography step. The conductive film
is selectively etched, so that a source electrode layer 3554 and
adrain electrode layer 3555 are formed. Then, the resist mask
is removed (see FIG. 22A).

Next, an oxide semiconductor film 345 is formed (see FIG.
22B). In this embodiment, the oxide semiconductor film 345
is formed with a sputtering method with the use of an
In—Ga—7n—0 based metal oxide target. The oxide semi-
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conductor film 345 is processed into an island-shaped oxide
semiconductor layer through a third photolithography step.

Inthat case, the oxide semiconductor film 345 is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
film 345.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In the film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), and the like are removed, whereby the
concentration of an impurity contained in the oxide semicon-
ductor film 345 formed in the film formation chamber can be
reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide semiconductor film 345 is formed.

Next, the oxide semiconductor layer is subjected to dehy-
dration or dehydrogenation. The temperature of first heat
treatment for performing the dehydration or dehydrogenation
is higher than or equal to 400° C. and lower than or equal to
750° C., preferably, higher than or equal to 400° C. and lower
than the strain point of the substrate. Here, the substrate is
introduced in an electric furnace which is a kind of heat
treatment apparatus and heat treatment is performed on the
oxide semiconductor layer under a nitrogen atmosphere at
450° C. for one hour, and then water and hydrogen are pre-
vented from entering the oxide semiconductor layer. In this
manner, an oxide semiconductor layer 346 is obtained (see
FIG. 22C).

In addition, as the first heat treatment, GRTA may be per-
formed as follows. The substrate is transferred and put in an
inert gas which has been heated to a high temperature of 650°
C. to 700° C., heated for several minutes, and transferred and
taken out of the inert gas which has been heated to a high
temperature. GRTA enables a high-temperature heat treat-
ment for a short time.

Further, an oxide insulating layer 356 serving as a protec-
tive insulating film is formed in contact with the oxide semi-
conductor layer 346.

The oxide insulating layer 356 can be formed to a thickness
at least 1 nm using a sputtering method or the like as appro-
priate, which is a method with which an impurity such as
water or hydrogen does not enter the oxide insulating layer
356, such as sputtering method, as appropriate. When hydro-
gen is contained in the oxide insulating layer 356, there is a
concern that entry of the hydrogen to the oxide semiconduc-
tor layer or extraction of oxygen in the oxide semiconductor
layer by the hydrogen is caused, thereby making the resis-
tance of the back channel of the oxide semiconductor layer
low (to have an n-type conductivity), so that a parasitic chan-
nel might be formed. Therefore, it is important that a forma-
tion method in which hydrogen is not used is employed such
that the oxide insulating layer 356 contains as little hydrogen
as possible.

Inthis embodiment, a silicon oxide film having a thickness
01200 nm is formed as the oxide insulating layer 356 with a
sputtering method. The substrate temperature in film forma-
tion may be room temperature to 300° C. inclusive, and is set
at 100° C. in this embodiment. The silicon oxide film can be
formed with a sputtering method under a rare gas (typically,
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argon) atmosphere, an oxygen atmosphere, or an atmosphere
of a rare gas (typically, argon) and oxygen. Moreover, a
silicon oxide target or a silicon target can be used as a target.
For example, the silicon oxide film can be formed using a
silicon target with a sputtering method under an atmosphere
of' oxygen and nitrogen. The oxide insulating layer 356 which
is formed in contact with the oxide semiconductor layer in a
region which comes to be in an oxygen-deficient state and
thus has a lower resistance, that is, comes to be n-type is
formed using an inorganic insulating film that does not con-
tain impurities such as moisture, a hydrogen ion, and OH™ and
blocks entry of such impurities from the outside, typically, a
silicon oxide film, a silicon oxynitride film, an aluminum
oxide film, or an aluminum oxynitride film.

In that case, the oxide insulating layer 356 is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
layer 346 and the oxide insulating layer 356.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In the film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), and the like are removed, whereby the
concentration of an impurity contained in the oxide insulating
layer 356 formed in the film formation chamber can be
reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide insulating layer 356 is formed.

Next, second heat treatment (preferably, at 200° C. to 400°
C. inclusive, e.g., 250° C. to 350° C. inclusive) is performed
under an inert gas atmosphere or an oxygen gas atmosphere.
For example, the second heat treatment is performed at 250°
C. for one hour under a nitrogen atmosphere. With the second
heat treatment, heat is applied while the oxide semiconductor
layer is in contact with the oxide insulating layer 356.

Through the above process, the oxide semiconductor layer
comes to be in an oxygen-deficient state and thus has a lower
resistance, that is, comes to be n-type when heat treatment for
dehydration or dehydrogenation is performed. Then, the
oxide insulating layer is formed in contact with the oxide
semiconductor layer. Accordingly, part of the oxide semicon-
ductor layer is selectively in an oxygen excess state. As a
result, a high-resistance i-type oxide semiconductor layer 352
is formed. Through the above-described process, the transis-
tor 350 is formed.

Heat treatment at 100° C. to 200° C. inclusive for one hour
to 30 hours inclusive in an air atmosphere may be further
performed. In this embodiment, the heat treatment is per-
formed at 150° C. for 10 hours. This heat treatment may be
performed at a fixed heating temperature. Alternatively, the
following change in the heating temperature may be per-
formed plural times repeatedly: the heating temperature is
increased from room temperature to a temperature of 100° C.
to 200° C. inclusive and then decreased to room temperature.
Under the reduced pressure, the heat treatment time can be
shortened. With this heat treatment, hydrogen is introduced
from the oxide semiconductor layer to the oxide insulating
layer; thus, a normally-oft thin film transistor can be obtained.
Thus, reliability of the thin film transistor can be improved.
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A protective insulating layer may be further formed over
the oxide insulating layer 356. For example, a silicon nitride
film is formed with an RF sputtering method. In this embodi-
ment, a protective insulating layer 343 is formed using a
silicon nitride film as a protective insulating layer (see FIG.
22D).

In addition, a planarizing insulating layer for planarization
may be provided over the protective insulating layer 343.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before. Further, when the voltage
regulator circuit according to an embodiment of the present
invention is formed with the use of the transistor, the voltage
regulator circuit can have stable electric characteristics and
high reliability.

The capacitor in the voltage regulator circuit according to
an embodiment of the present invention can be formed
through the same steps as the transistor in this embodiment.
When the transistor and the capacitor are formed through the
same steps, the number of steps can be reduced.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 11

In this embodiment, another example of a thin film tran-
sistor which can be used as a transistor included in the voltage
regulator circuit disclosed in this specification will be
described.

In this embodiment, an example which is different from
Embodiment 8 in the manufacturing process of a thin film
transistor will be described with reference to FIG. 23. Since
FIG. 23 is the same as FIGS. 20A to 20E except for part of
steps, the same portions are denoted by the same reference
numerals and detailed description of the same portions is
omitted as appropriate.

First, a gate electrode layer 381 is formed over a substrate
370, and a first gate insulating layer 372a and a second gate
insulating layer 3724 are stacked thereover. In this embodi-
ment, a gate insulating layer has a two-layer structure in
which a nitride insulating layer and an oxide insulating layer
are used as the first gate insulating layer 372q and the second
gate insulating layer 3725, respectively.

As the oxide insulating layer, a silicon oxide layer, a silicon
oxynitride layer, an aluminum oxide layer, an aluminum
oxynitride layer, or the like can be used. As the nitride insu-
lating layer, a silicon nitride layer, a silicon nitride oxide
layer, an aluminum nitride layer, an aluminum nitride oxide
layer, or the like can be used.

In addition, as the first gate insulating layer 372a or the
second gate insulating layer 3725, HfO, or the like can also be
used, for example. With the use of HfO, or the like as the first
gate insulating layer 3724 or the second gate insulating layer
372b, leakage current that flows from the oxide semiconduc-
tor layer side toward the gate electrode can be reduced.

Inthis embodiment, the gate insulating layer has a structure
in which a silicon nitride layer and a silicon oxide layer are
stacked from the gate electrode layer 381 side. A gate insu-
lating layer having a thickness of 150 nm is formed in such a
manner that a silicon nitride layer (SiN, (y>0)) having a
thickness of 50 nm to 200 nm inclusive (50 nm in this embodi-
ment) is formed with a sputtering method as the first gate
insulating layer 372a and then a silicon oxide layer (SiO,
(x>0)) having a thickness of 5 nm to 300 nm inclusive (100
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nm in this embodiment) is stacked as the second gate insulat-
ing layer 3724 over the first gate insulating layer 372a.

Next, an oxide semiconductor film is formed, and the oxide
semiconductor film is processed into an island-shaped oxide
semiconductor layer through a photolithography step. In this
embodiment, the oxide semiconductor film is formed with a
sputtering method with the use of an In—Ga—7n—O based
metal oxide target.

In that case, the oxide semiconductor film is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
film.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In the film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), and the like are removed, whereby the
concentration of an impurity contained in the oxide semicon-
ductor film formed in the film formation chamber can be
reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide semiconductor film is formed.

Next, the oxide semiconductor layer is subjected to dehy-
dration or dehydrogenation. The temperature of first heat
treatment at which dehydration or dehydrogenation is per-
formed is 400° C. to 750° C. inclusive, preferably, 425° C. to
750° C. inclusive. Note that in the case where the temperature
is 425° C. or more, the heat treatment time may be one hour
or less, whereas in the case where the temperature is less than
425° C., the heat treatment time is longer than one hour. Here,
the substrate is put in an electric furnace, which is a kind of
heat treatment apparatus, and heat treatment of the oxide
semiconductor layer is performed under a nitrogen atmo-
sphere. Then, water or hydrogen is prevented from entering
the oxide semiconductor layer. After that, cooling is per-
formed by introduction of a high-purity oxygen gas, a high-
purity N,O gas, or ultra-dry air (having a dew point of less
than or equal to —40° C., preferably, less than or equal to —60°
C.) into the same furnace. It is preferable that water, hydro-
gen, or the like be not contained in an oxygen gas or a N,O
gas. Alternatively, the purity of an oxygen gas or a N,O gas
which is introduced into the heat treatment apparatus is
greater than or equal to 6 N (99.9999%)), preferably, greater
than or equal to 7 N (99.99999%) (i.e., the impurity concen-
tration of the oxygen gas or the N,O gas is less than or equal
to 1 ppm, preferably, less than or equal to 0.1 ppm).

Note that the heat treatment apparatus is not limited to an
electric furnace. For example, an RTA (rapid thermal anneal)
apparatus such as a GRTA (gas rapid thermal anneal) appa-
ratus or an LRTA (lamp rapid thermal anneal) apparatus can
be used. An LRTA apparatus is an apparatus for heating an
object to be processed by radiation of light (an electromag-
netic wave) emitted from a lamp such as a halogen lamp, a
metal halide lamp, axenon arc lamp, a carbon arc lamp, a high
pressure sodium lamp, or a high pressure mercury lamp. In
addition, without limitation to an LRTA apparatus and a lamp,
a device that heats the product to be processed by thermal
conduction or thermal radiation from a heater such as a resis-
tance heater may be used. GRTA is a method for performing
heat treatment using a high-temperature gas. As the gas, an
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inert gas which does not react with an object to be processed
by heat treatment, like nitrogen or a rare gas such as argon is
used. The heat treatment may be performed at 600° C. to 750°
C. for several minutes with an RTA method.

In addition, after the first heat treatment for dehydration or
dehydrogenation, heat treatment may be performed at 200° C.
to 400° C. inclusive, preferably, 200° C. to 300° C. inclusive
under an oxygen gas atmosphere or an N,O gas atmosphere.

In addition, the first heat treatment of the oxide semicon-
ductor layer can also be performed on the oxide semiconduc-
tor film before being processed into the island-shaped oxide
semiconductor layer. In that case, the substrate is taken out
from the heat apparatus after the first heat treatment, and then
a photolithography step is performed.

Through the above process, the entire oxide semiconductor
film is made to contain an excess amount of oxygen, whereby
the oxide semiconductor film has higher resistance, that is,
becomes i-type. Accordingly, an oxide semiconductor layer
382 whose entire region has i-type conductivity is formed.

Next, a conductive film is formed over the oxide semicon-
ductor layer 382, and a resist mask is formed through a
photolithography step. The conductive film is selectively
etched, so that a source electrode layer 3854 and a drain
electrode layer 3855 are formed. Then, an oxide insulating
layer 386 is formed with a sputtering method.

In that case, the oxide insulating layer 386 is preferably
formed removing moisture remaining in the treatment cham-
ber. This is for preventing hydrogen, a hydroxyl group, or
moisture from being contained in the oxide semiconductor
layer 382 and the oxide insulating layer 386.

In order to remove moisture remaining in the treatment
chamber, an entrapment vacuum pump is preferably used. For
example, a cryopump, an ion pump, or a titanium sublimation
pump is preferably used. Further, an evacuation unit may be a
turbo pump provided with a cold trap. In the film formation
chamber which is evacuated with the cryopump, for example,
a hydrogen atom, a compound containing a hydrogen atom,
such as water (H,0), and the like are removed, whereby the
concentration of an impurity contained in the oxide insulating
layer 386 formed in the film formation chamber can be
reduced.

It is preferable to use a high-purity gas from which an
impurity such as hydrogen, water, a hydroxyl group, or
hydride is removed to a concentration of several ppm or a
concentration of several ppb, as a sputtering gas when the
oxide insulating layer 386 is formed.

Through the above-described process, a transistor 380 is
formed.

Note that in order to reduce variation in electric character-
istics of the thin film transistor, heat treatment (preferably at
higher than or equal to 150° C. and lower than 350° C.) may
be performed under an inert gas atmosphere or a nitrogen gas
atmosphere. For example, the heat treatment is performed at
250° C. for one hour under a nitrogen atmosphere.

Heat treatment at 100° C. to 200° C. inclusive for one hour
to 30 hours inclusive in an air atmosphere may be further
performed. In this embodiment, the heat treatment is per-
formed at 150° C. for 10 hours. This heat treatment may be
performed at a fixed heating temperature. Alternatively, the
following change in the heating temperature may be per-
formed plural times repeatedly: the heating temperature is
increased from room temperature to a temperature of 100° C.
to 200° C. inclusive and then decreased to room temperature.
Under the reduced pressure, the heat treatment time can be
shortened. With this heat treatment, hydrogen is introduced
from the oxide semiconductor layer to the oxide insulating
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layer; thus, a normally-oft thin film transistor can be obtained.
Thus, reliability of the thin film transistor can be improved.

A protective insulating layer 373 is formed over the oxide
insulating layer 386. In this embodiment, as the protective
insulating layer 373, a silicon nitride film having a thickness
of 100 nm is formed with a sputtering method.

The protective insulating layer 373 and the first gate insu-
lating layer 372a each formed using a nitride insulating layer
do not contain impurities such as moisture, hydrogen,
hydride, and hydroxide and have an effect of blocking entry
of these from the outside.

Therefore, in a manufacturing process after the formation
of the protective insulating layer 373, entry of an impurity
such as moisture from the outside can be prevented, so that the
long-term reliability of the device can be improved.

Further, part of the insulating layers between the protective
insulating layer 373 formed using a nitride insulating layer
and the first gate insulating layer 372a may be removed so that
the protective insulating layer 373 and the first gate insulating
layer 372a may be in contact with each other.

Accordingly, impurities such as moisture, hydrogen,
hydride, and hydroxide in the oxide semiconductor layer are
reduced as much as possible and entry of such impurities is
prevented, so that the concentration of impurities in the oxide
semiconductor layer can be maintained to be low.

In addition, a planarizing insulating layer for planarization
may be provided over the protective insulating layer 373.

Further, a conductive layer which overlaps with the oxide
semiconductor layer may be provided over the protective
insulating layer 373. The conductive layer may have the same
potential as or have potential different from that of the gate
electrode layer 381 of the transistor 380 and can function as a
second gate electrode layer. The potential of the conductive
layer may be a fixed potential such as GND or 0 V.

Electric characteristics of the transistor 380 can be con-
trolled by the conductive layer.

With the above structure, the transistor can have stable
electric characteristics and high reliability. Since leakage cur-
rent is small in the transistor, by forming the voltage regulator
circuit according to an embodiment of the present invention
with the use of the transistor, a desired voltage can be
achieved more rapidly than before. Further, when the voltage
regulator circuit according to an embodiment of the present
invention is formed with the use of the transistor, the voltage
regulator circuit can have stable electric characteristics and
high reliability.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 12

In this embodiment, a structure of a transistor and a capaci-
tor in a voltage regulator circuit which is an embodiment of
the present invention will be described.

An example of the structure of the transistor and the capaci-
tor in this embodiment, which can be applied to an embodi-
ment of the present invention, will be described with refer-
ence to FIGS. 24A and 24B. FIG. 24B is a cross-sectional
view illustrating an example of the structure of the transistor
and the capacitor in this embodiment. Note that the transistor
illustrated in FIGS. 20A to 20E is applied to the transistor
illustrated in FIGS. 24A and 24B as an example, and the
description of the transistor illustrated in FIGS. 20A to 20E is
applied thereto as the detailed description.

As illustrated in FIG. 24B, the transistor 310 and a capaci-
tor 309 are provided over a substrate 301.
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The capacitor 309 includes a conductive layer 304 pro-
vided over the substrate 301 and a conductive layer 306
provided over the conductive layer 304 with a gate insulating
layer 302 interposed therebetween. At this time, the gate
insulating layer functions as a dielectric of the capacitor.

The conductive layer 304 is formed using the same con-
ductive film as a gate electrode layer 311 of the transistor 310,
and is electrically connected to a drain electrode layer 3155
through an opening provided in the gate insulating layer 302.
The conductive layer 304 functions as one of a first electrode
and a second electrode of the capacitor 309.

The conductive layer 306 is formed using the same con-
ductive film as a source electrode layer 315a and a drain
electrode layer 3156 of the transistor 310. The conductive
layer 306 functions as the other of the first electrode and the
second electrode of the capacitor 309.

As described above, in a voltage regulator circuit which is
an embodiment of the present invention, a capacitor can be
formed using a conductive layer which is formed using the
same conductive film as a gate electrode of a transistor, a gate
insulating layer, and a conductive layer which is formed using
the same conductive film as a source electrode and a drain
electrode of the transistor.

As described above, a transistor and a capacitor can be
formed through the same steps, which can suppress an
increase in the number of steps.

In addition, the drain electrode of the transistor illustrated
in FIGS. 24 A and 24B is electrically connected to one of the
electrodes of the capacitor through the opening provided in
the gate insulating layer. Accordingly, favorable contact can
be obtained, which leads to a reduction in contact resistance.
Accordingly, the number of openings can be reduced, which
results in reducing the area occupied by the openings.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

Embodiment 13

In this embodiment, examples of an electronic device to
which the voltage regulator circuit according to an embodi-
ment of the present invention can be applied will be described
with reference to FIGS. 25A and 25B.

FIG. 25A illustrates a laptop personal computer, which
includes a main body 3001, a housing 3002, a display portion
3003, a keyboard 3004, and the like. The voltage regulator
circuit described in any of Embodiments 1 to 3 can be used to
generate a power source voltage which is supplied to the
laptop personal computer illustrated in FIG. 25A.

FIG. 25B illustrates a mobile phone, which includes two
housings, a housing 2800 and a housing 2801. The housing
2801 includes a display panel 2802, a speaker 2803, a micro-
phone 2804, a pointing device 2806, a camera lens 2807, an
external connection terminal 2808, and the like. The housing
2800 includes a solar cell 2810 for charging of the portable
phone, an external memory slot 2811, and the like. Further, an
antenna is incorporated in the housing 2801.

Further, the display panel 2802 is provided with a touch
panel. A plurality of operation keys 2805 which are displayed
as images are illustrated by dashed lines in FIG. 25B. In the
mobile phone illustrated in FIG. 25B, the step-up circuit (the
voltage regulator circuit described in any of Embodiments 1
to 3) is mounted in order to step up a voltage which is out-
putted from the solar cell 2810 to a voltage which is necessary
for each circuit.

As described above, the voltage regulator circuit which is
an embodiment of the present invention can be applied to a
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variety of electronic devices and can efficiently supply a
power source voltage to the electronic device.

Note that this embodiment can be combined as appropriate
with any of the other embodiments.

EXAMPLE 1

In this example, a voltage regulator circuit including two-
step unit step-up circuits and an output circuit will be
described.

A layout of a voltage regulator circuit of this example is
illustrated in FIG. 26.

The voltage regulator circuit illustrated in FIG. 26 includes
two-step unit step-up circuits (a unit step-up circuit 1301_1
and a unit step-up circuit 13012), an output circuit 1302, and
a ring oscillator 1303.

Further, FIG. 27 is an enlarged view of the unit step-up
circuit 1301_1 in FIG. 26.

As illustrated in FIG. 27, the unit step-up circuit 1301_1
includes a transistor 1401_1, a capacitor 1402_1, a transistor
1403_1, and a transistor 1404_1.

The transistor 1401_1 corresponds to the transistor 201_1
in FIG. 3, the capacitor 1402_1 corresponds to a capacitor
202_1 in FIG. 3, the transistor 1403_1 corresponds to a tran-
sistor 203_1 in FIG. 3, and the transistor 1404_1 corresponds
to a transistor 204_1 in FIG. 3.

In addition, the transistor 1401_1, the transistor 1403_1,
and the transistor 1404_1 each have the structure of the tran-
sistor illustrated in FIGS. 20A to 20E.

Moreover, the L/W ratio of each of the transistor 1401_1,
the transistor 1403_1, and the transistor 1404_1 was set to
3/50, and the capacitance of the capacitor 1402_1 was set to
20 pF. Further, the capacitance of a capacitor in the output
circuit 1302 was set to 400 pF.

The output circuit 1302 corresponds to the output circuit
212 in FIG. 3.

The ring oscillator 1303 is an oscillation circuit which
outputs a clock signal and an inverted clock signal, and is
generated using, for example, a plurality of logic circuits.
Note that the ring oscillator 1303 can be formed over the same
substrate as the voltage regulator circuit as illustrated in FIG.
26. The ring oscillator 1303 is formed over the same substrate
as the voltage regulator circuit, whereby the number of ter-
minals can be reduced or the length of a wiring can be short-
ened.

Further, an output voltage of the voltage regulator circuit
illustrated in FIG. 26 was measured. The measurement result
is described with reference to FIGS. 28A and 28B. FIGS. 28A
and 28B are each a graph showing a result of measuring an
output voltage of the voltage regulator circuit illustrated in
FIG. 26. Note that in the measurement, a high power source
voltage was applied as an input signal of the voltage regulator
circuit, an amplitude of the high power source voltage was 1.6
V, a pulse cycle of a pulse voltage was 80 msec, and a low
power source voltage was 0 V.

FIG. 28A is a graph showing the waveform of the input
signal of the voltage regulator circuit, and FIG. 28B is a graph
showing the waveform of an output signal of the voltage
regulator circuit.

As shown in FIGS. 28A and 28B, when a voltage of the
input signal is 1.6 V, a voltage of the output signal is approxi-
mately 4.8 V, and the output voltage of the voltage regulator
circuit is stepped up approximately three times as high as the
input voltage of the voltage regulator circuit. In the voltage
regulator circuit illustrated in FIG. 26, a logical value of the
voltage of the output signal is 4.8 V when the voltage of the
input signal is 1.6 V; therefore, it is found that, with the
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voltage regulator circuit illustrated in FIG. 26, the voltage of
the output signal can be stepped up almost up to the logical
value.

As described above, since the voltage after step up is
almost equivalent to a logical value in the voltage regulator
circuit of this example, it is found that a voltage regulator
circuit which is an embodiment of the present invention has a
transistor with low leakage current and high conversion effi-
ciency.

The present application is based on Japanese Patent Appli-
cation serial No. 2009-250396 filed with the Japan Patent
Office on Oct. 30, 2009 and Japanese Patent Application
serial No. 2010-012618 filed with the Japan Patent Office on
Jan. 22, 2010, the entire contents of which are hereby incor-
porated by reference.

The invention claimed is:

1. A voltage regulator circuit comprising:

a transistor comprising a gate, a source, a drain, an oxide
semiconductor layer used for a channel formation layer
of the transistor, and a conductor layer; and

a capacitor comprising a first electrode and a second elec-
trode,

wherein a first signal is inputted to one of the source and the
drain of the transistor,

wherein a second signal which is a clock signal is inputted
to the gate of the transistor,

wherein the oxide semiconductor layer is an intrinsic semi-
conductor layer or a substantially intrinsic semiconduc-
tor layer,

wherein the first electrode of the capacitor is electrically
connected to the other of the source and the drain of the
transistor,

wherein a high power source voltage and a low power
source voltage are alternately applied to the second elec-
trode of the capacitor,

wherein a first voltage of the first signal is stepped up or
down to obtain a third signal,

wherein the third signal which has a second voltage
obtained by stepping up or down the first voltage of the
first signal is outputted as an output signal through the
other of the source and the drain of the transistor,

wherein the gate and the oxide semiconductor layer over-
lap with each other with a first insulating layer therebe-
tween,

wherein the conductor layer and the oxide semiconductor
layer overlap with each other with a second insulating
layer therebetween, and

wherein the oxide semiconductor layer is between the first
insulating layer and the second insulating layer.

2. The voltage regulator circuit according to claim 1,
wherein the oxide semiconductor layer comprises indium and
Zinc.

3. The voltage regulator circuit according to claim 1,
wherein an off-state current of the transistor is less than or
equal to 10 aA/um.

4. The voltage regulator circuit according to claim 1,
wherein the oxide semiconductor layer is highly purified.

5. A semiconductor device comprising:

a first transistor comprising a first electrode, a second elec-
trode, a third electrode, a first semiconductor layer serv-
ing as a first channel formation layer of the first transis-
tor, and a first conductor layer;

a second transistor comprising a fourth electrode, a fifth
electrode, a sixth electrode, a second semiconductor
layer serving as a second channel formation layer of the
second transistor, and a second conductor layer; and
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a capacitor comprising a seventh electrode and an eighth
electrode,

wherein the third electrode of the first transistor, the fourth
electrode of the second transistor, and the seventh elec-
trode of the capacitor are electrically connected to each
other,

wherein the second electrode of the first transistor is con-
figured so that a clock signal is applied to the second
electrode of the first transistor,

wherein the fifth electrode of the second transistor is con-
figured so that an inverted clock signal of the clock
signal is applied to the fifth electrode of the second
transistor,

wherein the eighth electrode is configured so that a first
voltage and a second voltage is alternately applied to the
eighth electrode,

wherein the second voltage is higher than the first voltage,

wherein the second electrode and the first semiconductor
layer overlap with each other with a first insulating layer
therebetween,

wherein the first conductor layer and the first semiconduc-
tor layer overlap with each other with a second insulat-
ing layer therebetween,
wherein the first semiconductor layer is between the first

insulating layer and the second insulating layer,
wherein the fifth electrode and the second semiconductor
layer overlap with each other with the first insulating
layer therebetween,

wherein the second conductor layer and the second semi-
conductor layer overlap with each other with the second
insulating layer therebetween, and

wherein the second semiconductor layer is between the
first insulating layer and the second insulating layer.

6. The semiconductor device according to claim 5,

wherein the first voltage is a low power source voltage, and

wherein the second voltage is a high power source voltage.

7. The semiconductor device according to claim 5, wherein
each of the first transistor and the second transistor has an
off-state current of 10 aA/um or less.

8. The semiconductor device according to claim 5,

wherein the first semiconductor layer is a first oxide semi-
conductor layer,

wherein the second semiconductor layer is a second oxide
semiconductor layer, and

wherein each of the first oxide semiconductor layer and the
second oxide semiconductor layer is an intrinsic semi-
conductor layer or a substantially intrinsic semiconduc-
tor layer.

9. The semiconductor device according to claim 8, wherein
the first oxide semiconductor layer and the second oxide
semiconductor layer comprise indium and zinc.

10. The semiconductor device circuit according to claim 8,
wherein the first oxide semiconductor layer and the second
oxide semiconductor layer are highly purified.

11. A semiconductor device comprising:

afirst transistor comprising a first electrode, a second elec-
trode, a third electrode, a first semiconductor layer serv-
ing as a first channel formation layer of the first transis-
tor, and a first conductor layer;

a second transistor comprising a fourth electrode, a fifth
electrode, a sixth electrode, a second semiconductor
layer serving as a second channel formation layer of the
second transistor, and a second conductor layer;

a third transistor comprising a seventh electrode; an eighth
electrode, and a ninth electrode;

a fourth transistor comprising a tenth electrode, an eleventh
electrode, and a twelfth electrode;
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a capacitor comprising a thirteenth electrode and a four-
teenth electrode;

a first wiring; and

a second wiring,

wherein the third electrode of the first transistor, the fourth
electrode of the second transistor, and the thirteenth
electrode of the capacitor are electrically connected to
each other,

wherein the ninth electrode of the third transistor, the tenth
electrode of the fourth transistor, and the fourteenth
electrode of the capacitor are electrically connected to
each other,

wherein the first wiring is electrically connected to the
second electrode of the first transistor,

wherein the second wiring is electrically connected to the
fifth electrode of the second transistor,

wherein the second electrode and the first semiconductor
layer overlap with each other with a first insulating layer
therebetween,

wherein the first conductor layer and the first semiconduc-
tor layer overlap with each other with a second insulat-
ing layer therebetween,

wherein the first semiconductor layer is between the first
insulating layer and the second insulating layer,

wherein the fifth electrode and the second semiconductor
layer overlap with each other and the first insulating
layer therebetween,

wherein the second conductor layer and the second semi-
conductor layer overlap with each other with the second
insulating layer therebetween,

wherein the second semiconductor layer is between the
first insulating layer and the second insulating layer,

wherein the third transistor is configured so that a first
voltage is applied to the seventh electrode of the third
transistor,

wherein the fourth transistor is configured so that a second
voltage is applied to the twelfth electrode of the fourth
transistor, and

wherein the second voltage is higher than the first voltage.

12. The semiconductor device according to claim 11,

wherein each of the first transistor and the second transistor
has an off-state current of 10 aA/um or less.

13. The semiconductor device according to claim 11,

wherein the eighth electrode of the third transistor is elec-
trically connected to the first wiring, and

wherein the eleventh electrode of the fourth transistor is
electrically connected to the second wiring.

14. The semiconductor device according to claim 11,

wherein the eighth electrode of the third transistor is elec-
trically connected to the second wiring, and

wherein the eleventh electrode of the fourth transistor is
electrically connected to the first wiring.

15. The semiconductor device according to claim 11,

wherein the first wiring is configured so that a clock signal
is input to the first wiring, and

wherein the second wiring is configured so that an inverted
clock signal of the clock signal is input to the second
wiring.

16. The semiconductor device according to claim 11,

wherein the first voltage is a low power source voltage, and

wherein the second voltage is a high power source voltage.

17. The semiconductor device according to claim 11,

wherein the first semiconductor layer is a first oxide semi-
conductor layer,

wherein the second semiconductor layer is a second oxide
semiconductor layer, and
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wherein each of the first oxide semiconductor layer and the
second oxide semiconductor layer is an intrinsic semi-
conductor layer or a substantially intrinsic semiconduc-
tor layer.

18. The semiconductor device according to claim 17, 5
wherein the first oxide semiconductor layer and the second
oxide semiconductor layer comprise indium and zinc.

19. The semiconductor device according to claim 17,
wherein the first oxide semiconductor layer and the second
oxide semiconductor layer are highly purified. 10
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